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Abstract 

The effects of anions and cations have been stu<^6^ on hydrogen chemi- 
sorption and anodic oxide film formation on Pt by linear sweep voltammetry, 
and on oxygen generation on Pt by potentiostatic overpotential measurement. 
The effects have provided some insight into these processes. 

The hydrogen chemisorption and anodic oxide film fonuation regions are 
greatly Influenced by anion adsorption. In acids, the strongly bound 
hydrogen occurs at more cathodic potential when chloride and sulfate are 
present. Sulfate affects the initial phase of oxide film formation by • 
produced fine structure while chloride retards the oxide film formation. 
In alkaline solutions , both strongly and weakly bound hydrogen eu*e influ- 
enced by iodide, cyanide, and bariian and calcium cations. These ions also 
influence the oxide film formation* 


Three factors have been considered to explain these effects; these 
factors are: (l) displacement of adsorbed anions on different sites, 

(2) the induced heterogeneity effect, and (3) anion or cation induced 
changes in the potential distribution across the metal-solution interface. 

The Tafel slope for oxygen generation has been found to be independent 
on the oxide thickness and the presence of cations or anions in the solu- 
tions. The catalytic activity indicated by the exchange current density 
was observed decreasing with increasing oxide layer thickness, only a minor 
dependence on the addition of certain cations and anions was found. These 
observations are explained on the basis that oxygen generation involves 
charge transfer via electron tunnelling through the oxide layer. A mechanism 
has been . proposed with the first step involving the adsorption of OH to form 
a surface PtOH entity with the OH as on adsorbed radical followed by 
charge transfer via electron tunnelling. 

[This report is adapted from Chao-jung Huang's Ph.D. dissertation.] 
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CHAPTER I 


PTnODUCTION 

New ways to conserve energy are beccming a great need. Electro- 
chemistry is caie of the technologies vMch.can make oontributions 
txvard solving this energy problem. A significant portion of elec- 
trical energy is ccaisumed industrial electrolytic processes, 
which are performed mostly with relatively lew energy efficiency. 
IhprovesTents in the efficiencies of the processes will result in 
substantial energy savings. 

0 ,-generation is an irtportant ccetponent in various electro- 
lytic cells. In most of such cells, the overpotential of O2 anode 
is the largest voltage loss and increases very substantially ttie . 
energy requirenents over vdmt would be expected thermodynamically. 

A better understanding of the kinetics of 02“gerieratian and the 
dependence of the kinetics on electrolyte corpositiai is needed in 
order to reduce the energy requirements. 

Most rretals used as anodes dissolve; hence stxadies of O2” 
generation are restricted principally to noble and highly passivated 
metals. Platinum has been mostly enployed because of its high 
electrocatalytic activity and stability . 

Prior to electrochotnical O2 generation, oxide films are formed 
on all metal electrodes. The understanding of the kinetics of 02- 
generation in relation to the catalytic properties of metals requires 
information concerning the surface properties of the oxide films 
Vi’hose structure and electronic proi^ertios cliange witli ix>tential 
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The present work was undertaken to achieve a better understand- 
ing of oxide filjn formation and 02-generation on platinum, Experi- 
inents have been designed to study the effects of anions and cations 
on the formation of oxide films and the kinetics of 02-generation. 


CHAPTER II 


BACKGROUl^ Atro PREVIOUS RESULTS 

A. The Surface of Plat in um Electrodes 

For the kinetic stcdy of oxygen foni^tion at the Pt electrode, 
it is necessary to laiov the nature of the Pt surface and its depen” 
dence on electrode potentials V’Bien subject to anodic polarization, 
a film of oxide or chemisorbed oxygen is forr,ied on the surface of 
Pt. f^any studies have been conducted on this subject (for details, 
see revia*/ articles by Gilman, Hoare, Damjanovic ) , but_ full under” 
standing of the nature and properties concerning the anodic oj^gai 
film has not yet been attained. 

Constant current charging and linear potential s\-;eep techniques 
have been nost conmonly used to study the oxygen film. A constant 
current charging-discharging curve and a linear potential aveep 
voltaitmogram are shc^ffi in Figs. II— 1,2 to .illustrate the electro- 
chemical behavior of the.Pt electrode in acid solution. As seen 
fron tlie curves, tlie ionization of hydrogen appears in region A, 
Region B is the so-called double layer region, vhere the current 
almost entirely goes into tlie charging of the double layer. The 
ojd.de film is formed in region C. Vflien the potential reaches 
region D, O 2 generation kiecorres significant. In the catliodic s^^noep 
or discharging, the oxygen film is reduced principally in region C. 

Sene of the diaracteristics found fren these curves are as 


foll(7.'/s: 


Anodic coulomos 
(Ouolltotive) 


Cot^odic coulombs 
(Quolltotivs) 


il 


Fig. II-l. A typical constant current charging curve at Pt in acid solution 



POTENTIAL (V) vs RHE 


Pig. II-2. A typical linear svreep vsltaimograro of Pt in acid oolution 




1 


■■ 5 " 


(a) Tlie oxidation and reduction of the Pt surface occurs at 
potentials differing by a large anount. TOiis shews tliat 
the oxide film formation and rfx 3 uction are highly irrever^ 
sible. 

(b) Tl-ie number of coulcrtis consumed in forming the coQ^gen film 
before O2 formation becomes appreciable, corresponds to 
the order of a mcnolayer of oxygen on the Pt surface and 
is approximately a linear function of potential. 


(c) The number of coulanbs consumed to build up the ooQ'gen 
film (Qg) was found by most workers (see Refs. 1 and 2 ) 
to be larger than the amount of charge (Q^) required to 
reduce it. It was observed that the ratio Qq/Qq apprx»chod 
mity after repeated potential cycling.^ Kozlavska, 

Con\-;ay, and ShaipS have clcdmed that Qa “ Qc belcw 
1.2 V* in properly purified solutions. 


The foliating are tlie proposed explanations for sane 

of vdiich may not be valid; 

( 1 ) According to Laitinen and Enke,® > Q^, because O2 is evolved 
along witli the formaticxi of anodic oxygen film during the anodic 
charging of Pt ^ HCIO^ solution. Actually ©2 generation becanes 
significant only at potentials > 1.4 V. This ejqplanation also does 


not explain vdiy Q_/Q_ — *• 1 witli repeated ipotential cycling, as 

M W 
2 

mentioned by Iloare. 

7 

( 2 ) Vetter and Berdt observe = 2 Q„ from theax constant current 

o C 

charging studies, and postulate tliat the oxygen species in tlie 
anodic oxygen film are only reduced to H2O2 instead of H2O or OH . 
Hoare argues against this viev on the basis that Pt is a good 
peroxide-decorposing catalyst, . which decctrposes . II2O2 to form oxygen. 
This is not always the situation. Under sore conditions, O2 re- 
duction on Pt results in relatively large, amounts .of 11202.^^ 


* 7 dl potentials are relative to RUE. 
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Frumkin# Wirushdieva, Tarasevich, arjd Shumilova and Johnson# N^# 

Q 

and Bruck&istein using the rotating ring-disc electrode tech- 
nique# hcwever# did not find any H 2 O 2 during the reduction of 
ojq^en film, 

(3) Dietz , ai^d Goehr^ explain Q_ > Q_ by proposing that the o>q^^ 

d w 

film is partly reduced \dien the potential reaches the region vdiere 

4 

chemisorption of hydrogen sets in. Feldberg# Enke# and Bricker 
suggest a two-step reduction to shav the difference between and 


Pt(0)* + xH"** + xe" 

K Pt(OH)jj 

(II-l) 

Pt(OH)* + xH"^ + xe~ 

Pt + XH 2 O 

(n-2) 


At the potentials accessible before the hydrogen adsorption 

region is reached# the reduction partially stops at the Pt(Ql)j^ 

stage aiicl tlie film is not CCT.pletely_ reduced to Pt. Hcwever# in 

an electrode potential scanning ellipscmetric study of Pt anodic 

12 

oxide forrtation by Horkans# Cahan# and Yeager# loop closures of 

ellipsanetric parameters with electrode potentials liave been shcx-zn. 

This indicates that the electrode surface has recovered back to 

its initial state near the hydrogen region (region A in Fig. II- 2). 

13 

(4) Schuldiner and V7amer have attexpted to shew tliat osygen is 
dissolved in the surface layers of Pt metal wiien the oxygen film 
is electrochffnically formed in 1 M H2S0^. The term "denrasorbed 


Tlie symbols Pt.(0)jj emd PtlOH)^ represent the substances 0 and 
OH ch<37\isorbed on tlie Pt surface. The subscript x is not necessarily 
an integer, but ratlier represents tlie ratios of ch 0 iisor):) 0 d 0 or OH 
to siJirfacG platinum atoms. 


cscygei-i" :ls tiBwi by l^eso autJiors. 'Itiacker and Hoare^.^ also claim 

the pres(^i«e. of coiygeii in the Pt metal lattice fron, their constant 

current diwd^ging studies in 2 N H 2 SO 4 . The diffusion of oxygen 

into the lattice of Pt can explain the difference between and 

15 

O because tlie dissolved csq^en is difficult to rarove. Norton 

° -4 

has sliown that coQ'gen does not diffuse distances of 'v »10 can in 

Pt at significjant rates even at 1425*C, However# the distances 

involved in the dermasorbed oxygen would be of the order of 

Angstrons, 

(5) It is reported by Hand, and Vtoods^® that the difference hetMeen 
Q and Q can be explained by, the dissolution of Pt into the electro- 
lyte during the anodic enlarging. They detect the dissolution of 
Pt in H„SO^ after reputed cycling of more tJian 1000 cycles between 
0.41 and 1,46 V. Kozlaraka et al.^ believe that the contribution 
of anodic charge fron the Pt dissolution is negligible belcw 1.2 V# 
and tliat significant dissolution occurs only at more anodic potentials, 
( 6 ) Breiter^'^ finds that the oxidation of a layer of organic im- 
purities occurs during anodic film formation on Pt in the range 
0.6 - 1.5V in IN H 2 S 0 ^. Kozlcwska et al.^ indicate that the or- 
ganic i:npurities block surface oxide formation beto^een 0.75 and 1.05 
V in inpure solutions# then, becens oxidized with the result that the 
anodic -charge is spuriously large and the catixxiic charge, for oxide 
reduction is anoi^lously snail. In practice# after several ix>ten- 
tial Circles, the organic inpurities can be oxidized and desorbed 
off. T!ie contriljution, of an excess anodic charge fron. tlie oxidation 
of organic irp’urities is. expected to beccre insignificant \inless 
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largs concentrations of dissolved impurities are present in solu" 
ticn. It is very difficult to have a Pt surface free from ijTpuj>- 
ities to start with, even using ultrapure electrolytes. Carbon is 
a coiron impurity in Pt ani diffuses to the surface in high tenpera- 
ture treatment. Carbon on the surface is oxidized off in the first 
f&i potential cycles. 

While much effort has been directed to unravelling the nature 
of the anodic oxygen film on Pt, no unambiguous conclusion about 
the film has been reached. On tlie basis of rather circumstantial 
evidence, two main models have been proposed for the anodic film 
formed on Pt in the range m^.8-1.4V. A monolayer of oxygen is 
formed progressively on the Pt surface. One view is that this 
anodic layer is a thin film of an oxide such as Pt0.or Pt 02 grcwn 
cn the Pt surface,, v^ereas the other vi®v is that the film is 
cortposed of ox^^en adsorbed on Pt such as Pt-O. 

The distinction between the oxide mcdel and the adsorption . 
model is not a clear one at the mcnolayer level. The strength of 
the interaction of the oxygen-containing species with the Pt of the 
electrode surface may range from the relatively lew values cliar- 
acteristic of physical adsorption to the mudi liigher values usually 
diaracteristic of the chemical int^actions. In using the term 
oxide to dejiote the layer, the Pt with vhich tlie oxygen interacts 
is viewed as similar in its orbital proi^erties and charge to that, in 
a bulk oxide of a particular valence typG,, In describing the oxygen 
as chemisorted, tiie Pt with which the oxygen interacts is. usually, 
considerod to retain sene of its metallic diaracter with delocalized 
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orbital properties and the Pt-0 interaction not to be similar to 
that .in an oxide. It is possible, hcwever, to have the Pt and 
oxygen interaction of an internediate value between these tMO 

extremes, 

El WaJdcard and Etera,^® proponents of the oxide model, ob- 
served two arrests, one at 0.8V and the other at 1.07V,, in lew 

corrent-densii^ anodic charging curves of Pt in H 2 SO^. Qti the basis 

19 

of eguiliJjrium potentials, Pt/PtO (0.88V) , reported by Grube and 
Pt (OH) 2/Pt02 reported by Latimer,^® they concluded that 

PtO is first. formed over the surface of Pt electrode, followed by 
PtO~ before 0.5 formation occurs at an apprecial^le rate, .Iheir 
charging curves are criticized by Gilman‘S and Hoare2 on the basis 
that a long time is required to ccnplete these cui'ves, allaving 
inpurities to diffuse to and adsorb onto the electrode surface. 
Evidence for such irpurity effects is the ill-defined hydrogen 
region in these curves and the fact tliat tlie second arrest at 1.07V _ 
does not appear on the freslily anodically pretreated Pt electrode 
or in tlie feist cliarging curves (high current density) . 

A single arrest is usually observed in constant current charg- 
ing of Pt electrodes by most workers (e.g, refs. 7, 21-4). With a 
ccr^^uted stoidiiometry ratio. Pt/0 = 1 based on charge densi^ at 
tliis potential, Hic)^ling^^ considered tlie observed arrest to be due 
to tlie formation of a unb^lecular layer of platinous oxide, PtO., 
v^hile Butler and Amstrong^^ attrilouted it to the. formation of a 
layer of adsorlxBd oxygen, 

1t> confirm the existejice of anodic£illy foriiied oxide on Pt, 


Alison nnc'l Ii;Ln<,jaro(:=!^^ stripped tJie film fron anodized Pt, v^iich liad 

btaen polarizal at '»a.5V in H 2 S 0 ^» with 0,2 M HCl + 0.1 J4 NaCl. 

Fran spectropliotcnetric analysis of PtCl^* and PtClg**, they cxsn- 

oluded t'nat botli PtO and Pt 02 are present on the anodized Pt sur>* 

face. It lias been mentioned by Laitinen and Enke® that this 

technique is feasible only under the conditions that the state of 

the anodized Pt surface has to be unchanged during chemical stripping. 

26 

Breiter and Tfeininger, using open-circuit decay in conjunction 

with cathodic discharging tedmique on anodized Pt electrodes 

(pretreated at 1.4V- or 1,6V in ^ 280 ^) in solutions of 0,2. M IKI + 

0.1 n NaCl, concluded that Anson and Lingane’a results could be 

interpreted viith an adsorbed oqgen model. 

27 

Boeld and Breiter tried to shew tliat the surface OKidation 

of Pt. (in IdO^ and H 2 SO^) in the range. 0.8-1. 5V/ first forms a 

chemisorbed Pt-OH layer; this in turn oxidizes to form a chemi- 

28 

sorbed layer of Pt-0. Gilman, using fast potential-step tech- 
niques, modified tlie model of Boeld and Breiter and concluded that 
PtOH oxidizes to PtO only belw l.OV,. Above 1.2V, PtO further 
oxidizes to Pt 02 . The stoichicmetric ratio of Pt and oxygen was 
used by Gilnrm to represent the species formed on the Pt surface, 

without indicating it as an adsorbed oxygen or an oxide. 

29 

Gilroy and Conway observe no plateaus at any potentials 
\<hich would correspond_ to any distinct valency' states such as PtOII, 
PtO, or Pt 02 in potential-cheuge plots beb-veen 0.5 and 1,8\% and 
arpliasize tJie difficulty of assigning valence states to Pt atems on 
t]ie electrode surface. 
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At tl\e ironolayer level, a place exdvmge nedianism \vas pro- 
posed by Reddy, Gensha^^^, and Bockris^^ to indicate the path of OKiae 
fonraticn. The schesre is 


Pt + H 2 O PtOH + + e" 

ptoH HOPt 

HDPt OPt + h"^ + e 


(n-3) 

(II-4) 

(II-5) 


In this iT^chanisra, the OH species is first chanisorbed on. the Pt 
surface. Next the Oil species and a Pt aton change places, placing 
the OH species in an inverted position bela^? the surface. The 
HOPt is then oddized to OPt, A similar view is reported by 
Kozla^ka ^ ' Vetter and Schultz^^ also favor the place, ex- 

change rechanism. Ha>?ever,. tliei' suppose that cherasorbed 0 10 ns, 
not the Oil species, are involved in oxide formation b^^ place ex- 

change vrith Pt oxiciized to Pt ions* 

Recently Gonway et in a series of papers re- 

investigated the oxide film formation on Pt linear pgtaitial 
sweep teclmique in highly purified H 2 SO 4 solution, and find that 

(a) considerable structure is evident in the current-potential 
curve in the beginning of oxygen adsorption? 

(b) tlie film formation process is more or less reversible in 

tlie initial , stage (0.85 - 1.1 V)? 

(c) above. 1.1 V, the film fomation is ver^^ irreversible. 

On the basis of.tlieir results,, a t^iree-stage medianism of oxide 
formation on Pt is proposed, rne sclino 2 is set up as; 


\ 


until the potential reaches 'V/l.lV. Further oxidation of. the Pt sur- 
face leads to the fonretian of PtO via place exchange rearrangement 
(see details illustrated in Ref. 33) . This place exchange rearrange- 
ment also accounts for the hysteresis betvsen the anodic- and cathod- 
ic-going currentfotential profiles and the experimentally observed 
single cathodic peak can be r^resented in terms of the kinetics of 
a ia^stage reduction of PtO to Pt via PtOH in rearranged, states. 

Electrochoniccd techniques alone lack the specificity to resolve 
the nature of the anodic coygen film on an atomic level. Non- 
electrochemical tools nay be able to provide such information, al- 
thou^ to date they have not yet afforded sufficient specificity. 

Ey erplcying electrode potential scanning ellipscretric spectro- 
12 

scppy, Horkans et al. have shown that the optical properties of the 

film changes substantially at l.lV. This abrupt change seems to 

indicate a change in intrinsic properties of the film. The results 

5 33 

are oonpatible with the conclusion of Corway ^ ^ that at I.IV 

the surface is covered with a monolayer of PtOH and oonvarsion to 
PtO begins as the potential increases anodically to 1.4V. Purth^- 


The species Pt 4 indicates the sites available for chemisorption 
of OH species on the (100) crystal planes. The formulae shown do not 
represent stoichiometric species but sinply the surface site occupancy 
ratio. 


JL. 
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more, Horkans et have found that the film thickness determined 

ellipsometrically changes linearly with potential and extrapolates 
to zero at 'wO.SV, in agreement with the results of electrochemical 
measurements. The thickness of the film is also found to be nearly 
linearly dependent on charge and extrapolates to zero thickness at [ 

zero charge. This behavior with the constancy of the refractive 
index of the film between 1.1 and 1.6 V leads to the proposition of 
patch growth, of the anodic oxide formation. Othet. ellipsometric j 

34,35 spectro reflective^® studies of the anodic film on.Pt have | 

\ 

been reported. [ 

Kim, Winograd, and Davis^”^ and Allen, Tucker, Capon, and Par>- 

sons3® have used X-ray photoelectron spectroscopy to study the oxide 
film formed on Pt. The results from these two groups are quite dif- 
ferent. Kim et al.37 have indicated that PtO^ds^ ^tO, and Pt02 are 
formed upon electrochemically oxidized Pt electrodes at potentials 
of 0.7V, 1.2V, and 2.2V, and predominantly Pt02 at 2.2V. The Par- 
sons groups® suggest from their experimental results that a single 
species, probably Pt(OH>2, exists up to potentials of 2.4V where 
coulometry®® indicates a limiting coverage on Pt. No evidence for 

PtO or PtO was found by these workers. Only under extreme oxi- 
ads 

dizing conditions (at 4V for 4 hr or more) was Pt02 detected. 

Employing Auger spectroscopy to investigate Pt surfaces, ano- 
dized in H2SO4 at 500 mA/in^ for 16 hr, John and Heldt^° have xndi- 
cated that the anodized Pt surface contains 50% oxygen and corre- 
sponds to a composition of PtO. This stoichimetry also corresponds 

14 

with the interpretation of Thacker and Hoare's electrochemical data. 


imd Hc'ldi'. clai.\ii tJ-jfjt it is possible that ojygen is adsorbed 
oj: derma sorbf id nl-rong.'i.y that its stoichiometry and stability 
wuld he di f.f.i.fTult to distingarlsh from an oxide, 

B, Reversible Potential of Oxygen at Pt 

41 

VCbe standard reversible potentials of O2 electrodes are; 

Acid solxrtdon ©2 + 4H^ + 4e“ ^ 2H2O * 1.229V at 25®C (II-9) 

Alkaline solirticn ©2 + 2H2O + 4e”«^ 40 h“ E^' = 0,401V at 25®C (H-10) 

Tlie Nemst equation for ©2 electrode potential at 25*C is 

E « B^t§lnpo^ + f 

“ V'^i^Po2“f V 

From the ajuation, the reversible potential for O2 electrode shoxild 
have a ''^60 mV shift per pH \jnit and a dependence of '^ISmV per ten- 
fold change of ©2 pressvire . These are criteria for the reversible 
O2 electrode to be observed \mder equilibrium conditions. 

The reversible ©2 electrode potential is hard to achieve in 
practice. This can be attributed to the very lew exchange c u rr e nt 
density, v^ch is of the order of 10 - 10 A/cm . Itace impuri- 

ties in solution and slew metal dissolution can shift the potential 
drastically. Usually a value in the range 0, 8-1.1 V is observed. 

Even in the absence of impurity effects, a very long time is required 
for the electrcxie to achieve its reversible potential. For a capa- 
citance of “vlO ^ f/cm^ and an exchange current density of lO”^^ A/can^, 


the time constant is ^<10 sec; j^erefore irany hours could be re- 
quired for the elec±rode to drift to near the reversible potential 
on open circuit. 

Several theories were advanced to account for the unattain- 
ability of the reversible ©2 electrode potential. 

The first attaopt was the so-called oxide theory, described 
42 43 

ly Lorenz and Hauser, ' vdo were the first to use the term. 

According to this theory, the electrode is covered with an oxide 

film and the opeiveircuit potential is determined by the 02/oxide 

couple instead of the couple. However, this theory had 

44 

failed to explain the observations made by Bain. He measured 

tlie O2 electrode potentials of Grove cells with laright and 

oxidized (heat in a flame and cool in air) Ft metals as the O2 

electrode, and observed that the initial potentials were differer^ 

~for those electrodes, but the values approached a ccmnon ;one •“•.rter 

30 minutes. He reasoned that if the potential was determined by 

the 02/oxide couple, the rest potential would be different at 

equilibrium conditions. Unfortunately, this was not obser^Ted. 

'The second esplanation was tried by the peroxide theory. 

45 

Brislee observed that the value of the open-circui t potential 

of the Grove cell was in the range 1. 0-1.1 V in 30 days, and 

detected peroxide in the solution after measurements. When H2O2 

was added to the solution the potential fell. .to 0.98 V, and 

afterward rose to the usual value. If the primary product of the 

46 

Grove cell was H«0 <k instead of H-,0, L0r?is suggested that the rest 
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potential could be debemlned ly the peroxide in the solution. 

©2 redu3tion did produce H2O2 in solvrtion.^® 

The reactions involved with H2O2 and O2 and their standard 
potentials'*^ are as follows: 

Acid solution 02 + ^"^+ 2e" H2O2 = 0.682V 

at 25®C (II-ll) 

AU«aline solution O2 + H2O + 2e“ OH" + HD2” =-0.048V 

at 25®C (11-12) 

Ttaces of H2O2 in the solution can cause the open-circuit 

potential to be observed in the range 0.8-0. 9 V. However, Hoare^ 

argues that no H2O2 is detected mder open-circuit conditiois. Ife 

attributes the H2O2 present in the solution to be prodxiced by 

iitpurities involved in a local cell phenomenon. 

The third one, mixed potential theory, was first proposed by 
49 

Hoar . He e>5)lained that the deviation of rest potential from 

the equilibrium potential was due to the presence of an oxide -FiiTn 

with pores pervious to the solution. A local cell was then set 

V5> between the film surface and the relatively anodic metal base 

of the pores, causing an irreversible removal of oj^gen fr om the 

film surface. A Icwering of the potential then occurred. Giner^^ 

has suggested that the mixed potential mechaniam is ocmposed of 

either the O2/H2® couple or 02/H2°2 Pt/chemisorbed 

molecular oxygen couple. With no H2O2 detected in the solution 

\mder open-circuit oonditions and in favor of the Pt-0 model, 

2 

Hoare prefers to show that the mixed potential mechanism involves 
the cot;ple and the Pt/Pt-0 couple where Pt-O represents 


a .layrix' <vf: .ac^torlxxH oxyyejj atoffrif". on. Pt. Fjron the analysis of oxide 

tx>v«vac{i ; iinO 0^ );5r0Sfjim;‘ dcjpi^jxieince of the rest potential, Wteblowa, 

51 

Kao, DcinijarKivic, and Bockris haw proposed that oxide-free 
eltxTtrorles iicxjuire ai xx^tentifil due to cathodic ©2 reduction 

and oxidation, of iitparities as the anodic ooiponent, They attri- 
bute the .lack of reversibi.li-l:y of the ©2 electrode to the presence 
of ijtpxarities. UJiough mixed potential nechanisms mi^t account 
for the rest potential observed in the range 0, 8-1,1 V, persuasive 
evidence has. not yet beai presented at this stage. 

There are seme indications that the reversible O 2 electrode 
potential has been observed. These observations are challenged by 
various workers, due to the inproper esperirental conditions enployed 
or failure to reproduce the same result, Bockris ahd Uuq claimed 
that they observed the reversible 0^ potential at Pt bj' heating the 
electrode in ©2 atmosphere at 500“C for 2 hours and prolonged pre- 
electrolysis of the electrolyte. The unattainability of reversible 

©2 potential had been attributed to tlie in^xirities present in the 

53 

solution, Watanabe and Devanathan also claiined to observe the 

reversible O 2 electrode potential with an anodically oxidized Pt 

electrode in purified solution, ISie potential deserved by these 

woriters, havever, probably w^ an ijitermodiate value as the electrode 

potential drifted slowly l>ac}; to the usual observed value following 

the prior anodic prepo].arization, 

54 

^cording to Iloare, after prolonged contact of Pt with concen- 
trated ® film of electronically conducting chc?nisorbed oxi'gen 

is produced on Pt, Such a surface is inert and the O 2 /H 2 O reaction 
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can be established on this surface, A steady potential of 1,225 V 
.is obtained by Hoare, The potential observed by Hoare can possibly 
be attributed to those of tlie redox ooi^jle involving NO, and NO, 

m 

Wiese species are produced on the Pt electroae surface during pro- 
longed oxidation of Pt In concentrated IINO^ and are adsorbed on the 
electrode surface / vrfiidi resist throu^i rinsing procedures. The 
anodic fonned oxygen film# v^iich is thought to be electronically 
conducting, is considered by Schultze and Vetter^^ to be a barrier 
for electron transfer, Wiey ejgalain the charge transfer through the 
filin for O 2 /H 2 O reaction via electron, tunnelling mechanism. 


C. Kinetics and Mechanism of ©2 Generation at Pt 

Since oxygen was first obtained by electrolysis of water by 
Nicholson and-Carlisle^^ in 1800, the kinetics of O 2 generation have 
been studied by rany worl;ers (for details, see review/ articles by 
Ifoare, Vetter, Breiter, Erdey—Gruz^^) , but progress, has been 
slew and tlie mechanisms proposed are for 'the most part conjectural, 
Wie reporteu ej’^^erimental facts and proposed mechanisms are 
briefly surrmrized in tlie following section, 

(1) Experimental Facts 

A Tafel relationn * a + b log i is usually observed, 
and indicates tlvxt O 2 formation is .under kinetic control provided 
mass transfer is not limiting. Some kinetic parameters from prior 
studied are listed in Table lE-L Wie reported Tafel slopes, b, scatter 
with no sense of agreanent. Factors attributing to tliis situation 
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T AHU ? n»L Kinetic Paraneters for O 2 Generation at Pt 

bolution ‘Penp. Taf«l Slope Ref, 

•C bV/dac. Van2 

A/can** 


0.115 

6 X 10 “^° 10"®-10“^ 

60 

0.130 

2x10"^ - 



3x10“^ 

61 

0.108 

10“®-10"^ 

- 62 

0.106 

10 "^ - 1 

63 

0.12 

10 "^ - 1 

64 

0.083-0.097 

1.3-2. 2 10“^°-10"^ 

X 10-10 

52 

0.122 

i.sxio*^!’^^’*^ - 10 "^ 

65 

0.113 

2.5x10“^° ,10"^°-10“^ 

66 

0.115 

10"^-10"^ 

67 

0.086 

9 X 10 “^^ 10"^-10“^ 

49 

0.09-0.12 

'vio"^ 10 “^ - 1 

55 

0.114 

1 X 10 ”^° 10“*^ - 1 

68 

0.14 

10“^-10"^ 

69 

0.110 

...4 X 10 "^° 10“^-10“^ 

70 

0.139 

5.4x10”^^ 10“®-10“^ 

71 


O.^H 2 SO^ 

14 

O.IN H 2 SO 4 

20.5 

1 N H 2 SO 4 

25 

2 N H 2 SO 4 


1 N H 2 SO 4 

20 

O.OOilli-O.lI^ H 2 SO 4 


2 N H 2 SO 4 

25 

0.1 N H 2 SO 4 


0.1 N H 2 SO 4 


0.1 N H 2 SO 4 

25 

1 N H 2 SO 4 

25 

0.2 N HNO 3 

20 

5 M HCIO 4 

25 

1 N HCIO 4 

25 . 

85% O-H 3 PO 4 

25.1 

O.lNNaOH 

25 

1 N KOH 

20 

1 M NaOH 

25 

1 N KOH 


1 N KOH 


0.5 N KOH 


1 N KOH 

25 

1 M KOH 



0.064 3x10“^^ 

0.3 

0.057. 

0.14, 0.21 
0.07, 0.28 
0.11 

0.055, 0.110 IJclO"^ 
0.047 4xl0"^^ 


10“^-10“^ 

49 

10 ”^ - 1 

64 


10 

10 ”^ - 1 

72 

10 ’^ - 1 

73 

io“^-io"^ 

74 

io“^-io"^ 

70 

io“^-io“^ 

75 


.incXude the tol.'Im.vxig: 

a, Di^fox-emt hiator^' and particularly pretreatment of electrxsdes 

bf Co’.ii’XJsitJ.on and purity of electrolytes 

c< 'Jlxi px'^teiitiai and dependence of the state of electrode 
surface, vMch influences the catalytic activity of the 
Pt. electrc5de for Og fomation. 

Tlie. Gxchantje <?urrent density is very sirall, in the range 
10“*^ At a current density of 10 A/csn , at least 

an overpotential of 300-400 n®7 is recjuired. This indicates that the 
O 2 generation is a highly irreversible process with no sensitivity 
of the kinetics to the back reaction under measurable conditions; 

Ohus it is not possible so far to obtain kinetic data following the 
rate-caitrolling step. 

Several studies have been conducted on the pH dependence of 
the overpotential. The quantitative results are rather different 
betaveen workers ha^ver, a positive pH dependence in low 

pH regions and a. negative dependence at high pH values «re 
shown, indicating O 2 cones from the water molecule in acid and fron 
the oh” icn in alkaline solution. 

The overpotential decreases and the Tafel slope slightly in- 

60 

creases with iDcxeasing fcarperature xn the range 0**100®C« -jOrt'der*/ 

77 61 VI 

Rius,. Llopis, and Giner,'' Roiter and Yanpols)taya, and ;^ldy, 

all have observed this behavior in their studies. No general agree- 
ment has been reached as to vdiether the activation energies in acid 
and in alkaline solution are of the same magnitude. This leads to 
difficulty in distinguishing the reaction irrjchanism in acid and in 


alkaline solution. 
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T.he involvonent of anodicsally foaned oxide in 0^ formation is 

rather unolear, Rosental and Veselovskii*^® have indicated, by neans 
18 

of 0 , that oxide film formed at high anodic potentials (> 1»5V) 

is directly involved in the 0^ formation, v^le an oxide film fonted 

at lower potentials (< 1,5V) is not. Their results have been 

criticized ty Vetter with the argument that they have not checked 
18 

the 0 exchange between enriched oxide and unenriched electrolyte, 
18 

The 0 might come from the already exchanged electrolyte directly 
at the electrode surface. 

Tlie anodic oxide film has a .large influence on the kinetics of 
©2 formation, Schultze and Vetter^^ have proposed that -tlie oxide 
film is a barrier for electron transfer in ©2 formation, and pro- 
posed a relationship involving a linear decrease of the logarithm 
. of the current with increasing film thickness for a given applied 
potential. Lwmjanovic, Ward, and O’ Jea^*^ have also found that 
the thickness of the oxide film affects the catalytic activity for 
O 2 formation in a manner similar to that described by Schultze and 
Vetter, Charge transfer through the anodic film, however, in 
itself is not the only process responsible for the irreversibility 
of the O 2 electrode, . 

(2) Possible Reacticn I'fechanism Proposed for O 2 Generation 
Fran Table 1, the kinetic data for O 2 generation are diverse, 
despite a relatively large nunt>er of studies conducted. These dis- 
crepancies lead to the proposition of various reaction mechanians. 
Even with the same kinetic p^ameters obtained, many alternative 
reaction mechanisms are still possible, Ilcx’^ever, most workers 


agree that the rate-oontrolling st^ is an electron transfer, and 
the itDst likely step is a charge transfer step involving H 2 O nole- 
cules in acid or CsT ions in alkaline solution to form hydrcoQ^l 
radicals on the electrode surface. 

Acid solution ; H 2 O >• (OH)* + h'^ + e“ (II-13) 

Alkaline solution; CSi” — ^ (OH) + e (11-14) 

This step , is then followed several possible steps ‘.leading to 
the formation of O 2 , but no neans are available to distinguish 
these steps, Ihe controversies emerge from the speculation as to 
the furtlier steps. 

Tliere are two different views concerning, the intermediates 
formed after the rate-controlling steps, aie is that the inter- 
mediate is principally an 0 species, in a form of either a metal 
OKide or h;i'droxide, or an adsorbed species such as 0 or OH radicals; 
no percoiide_is involved, Bockris and Huq, and Damj^ovic, D^, 
and BocJuris,*^^ svr^rt this view. The other is that H 2 O 2 or a 

percodLde ion is formed as an intermediate produced f ran hydrooq^l 

49 57 

radical or fron the 0 atom. Hoar , and Vetter prefer to have 
peroxide involved in the overall reactiai. (The peroxide meGhanisrn 
vd.ll be discussed further later in this chapter.) 

Even for a given type of intermediate, a large nunber of reac- 
tion paths are still possible for the overall reaction to i^*oceed. 


*The parcntliesis sbtply indicates the species adsorbed on the- 
electrode surface. 
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^W5CX':rr!i.‘ijvi[ to tlie a'lalysis c>.f: ^'il^.lner» several thousand reaction 
]nal-,h5 ai;r po.sttiblc vdth OH<. 0, and 02!* considered as inter*- 
mscU-at-es,. By app.ly.inq the mo.st drastic assunptirais, the nuidaer 
only reduces to eleven, J^amjanovic et has suimarized four teen 

paths (.bicluding five paths proposed by Bockris®^ and the rest fran 
(Others) for C2 y*ineraticn with theoretically cedculated Tafel para- 
ineters and stoichioraetric numbers, . Ihese reaction mechanisms are 
listed in Table II-2, 

A fuvtiier severe conplication arises f ran the fact that ©2 
generation reaction occurs at significant rates only at potentials 
so anodic that the Pt surface is covered with an oxide layer, vdiile 
the reverse 0 ^ reduction occurs at appreciable rate in the potential 
range 0.8-0.0V, vdiere the state of the electrode surface is quite 
different. Thus, the anodic O2 generatiai and cathodic O2 reducticn 
reaction paths may be different. Therefore, it is not possible to 
obtain tlie stoichionetric nxaribers fron a conparison of the anodic 
ax>d cathodic Tafel slcpes. The other alternative to evaluate the 
stoichionetric number is fran tlie current-overpotential relation at 
potentials near reversible electrode potential, vdiere the back . 
reaction is appreciable. This technique has not proved practical 
for 02generation, because of tlie very. lew exchange current density 
and interference fran inpurity effects and carpeting processes 
intrinsic to the Pt electrode surface (anodic film) . 

In 1937, Glasstone and Hickling proposed that discharge of 
hydroxyl ions led to the irreversib].e fonnition of H2O2, con- 
bination of the radical in pairs? O2 was then generate by decai^^osi— 
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Table II-2. Various paths in ©2 generation , Tafel paraneters 
and stoic^aiietric nottoers . 70) . 


1 

9VliUi( 

Arvodie Cathodic 

low tj high 17 

r 

(0 Tn« path 

S T H4O - SOM + H* + «- 

2RTIF 

2RTIF 

4 

2SOH - SO -H SH,0 

^T/2F 

«o 

2 

2S0-^0«-h2S 

ATIAF 

flO 

1 

(2) The **£lcctrochcniiGal Oxide** path 




S + K,O^SOH-rK^+e- 

2RT/F 

2RTI2F 

2 

~ S0H + S + Il,0-^S0-rSH,0-rK» + $- 

. 2RTI2F 2RTIf 

2RTIF 

2 

2S0-*0«-t2S 

JKTiAF 

' eo 

1 

‘ <3) The ••Hydrosen Peroxide** path 
4S + 4H,0 - 4SOH -p 4K* -f- 4e“ 

2RTIF 

2RTIF 

4 

2S0K-*SH,0»-r S 

RT12F 

RTPF 

1 

SH|0« ^ SOK -* SOH, -h SO,K 

JimF 

RTIF 

1 

SO.H + SOH — SH,0 -r S -r Oi 

KTiiF 

eo. 

1 

(4) The **Mctal Peroxide** path 

4S + 4HjO — 4SOH -f 4H^ + 40^ 

2RTIF 

2RTIF 

4 

SOH — S0 + SH,0 

JiTflF 

RTPF 

1 

SO-f SOH-S-rSHO, 

RTI2F 

JiTIAF 

RTIF^ 

1 

SHO, + SOH - 0. -r S -p SH.0 

eo 

2 

<5) The *‘Hlccirochcmicai Metal Peroxide** path 

3S + ZHtO - 3SOH -r 3H» -r 3e- 

2RVF - 

CRTISF 

3 

2SOH — S0-tSH40 

JiTIlF RTIF 

RTI2F 

I 

so + H.0 — SHO, -f H» -f «- 

2RTISF 2RTIF 

2RTPF 

1 

SHO, SOH -« S -p 0, -I- SH,0 

JiTiAF 

ee 

1 

(6) The **AlkaIinc** path of Hoar 

S + H,0-S0H*f H* + e- 

2R7JF 

2RTPF. 

2 

SOH -f H.O — SH,Or + 

RTIF 

•RTIF 

2 

»H,0,- S -r SO,*- + 2H,0 

RTI2F RTIF 

RTI2F . 

1- 

SO|** — S n* Ot T 2c* 

RTI2F 

RTIF 

1 

0) Path sungoted by Com\ay & Courgaalt 




3S -r 3H,0 - 3SOH 3H 3c* 

2RTIF 

€RTt$F 

3 

SOH — so + n* -fc- 

2RTI2F 2RT/F 

2RTI5F 

1 

SO -r SOH — SHO* 

RTI2F RTIF 

RTIF 

1 

SHOa -r SOH - S -r SH*0 + O, 

RTJAF . 

CO 

2 

(S) Altemativ’e path suggwjcd by Conway & Bourg 
2S T 2H,0 — 2SOH + 2H* -r 2c* 

ault 

2RTIF 

2RTIZF 

2 

SOH *♦ SO “j- H' c“ 

2RTI2F 2RTIF 

2RTl$F 

1 

SO -r H,0 — SHO, *i* H* -i- c* 

2RTiSr 

2HTPF 

1 

SHO* *f SOH - S -r SH,0 -r O, 

RTIAF 

CO 

2 

(9) Path suggciicd by Riddiford 

S-r H,0 — SOH + H* -{-c* 

2RTIF 

2RTPF 

2 

2S0H — SO t-SH,0 

RTIIF 

RTI2F 

1 

SO -r H,0 — SHO, -r -f c* 

2RTI5F 2RTIF 

2nrpF 

1 

SHO, -f H,0 — *0, -r SH,0 -r H* + c* 

2RTPF 

2RTIF 

1 

(10) Krasilshchikov path (for Ni electrode*) 

S + H,0-S0H + H* + c- 

2RTIF 

2RTPF 

2_ 

SOH — SO- 4- Hv 

RTIF 

RTIF 

2 

50“ — SO "T e“ 

2RTPF 2RTIF 

2RTIF 

2 

2S0 — 0,-r 2S 

RTI4F 

CO 

2 

(U) V/edc 4k Hackennan** path 

2S -f 2H,0 - SO T S*H,0 -r 2H> *r 2e- 

RTIF 

R7I2F 

2 

SO -r 2SOH- — 2S -r SH,0 t 0, + 2e- 

RTpr 

RTIF 

2 

(12) S + H.O — SOH + H* T «- 

2RTIF 

2RTPF 

2 

SOH — SO -pH* 4- c- 

2RTPF RTIF 

2RTr>F 

1 

SO + >1.0 - SO,H 4- H* 4* «- 

2RTHF 2RTIF 
2RTPF 

2RT;yF 

2 

SO.H-STO, + H*-r*- 

2R7IF 

2 

(13) S -f H,0 - SOH 4- H* 4- c- 

2RTIF 

2RTPF 

2 

SOH -r H,0 — S0-K-6H‘ 4- H* 

RTIF 

RTIF 

2 

SO-H-OH- - SO-K-OH -p c" 

2RTPF 2RTIF 

2RTIF 


SO-H-OH-SO T H,0 

RTi2F RTIF 

(O 

2 

2S0 - S 4- 0* 

RTJAF 

(O 

2 

(14) S -r H.O - SOH 4 H* + c- 

2RTIF 

2RTPF 


SOK 4 - H;0 - SO-H-OH- 

RTIF 

RTpr 


SO-H-OK- — SO-.H-OH 4- c“ 

2RTI2F 2RTIF 

2RT<F 


s;C^H-OH - SO -P H,0 

RT;2F RTIF 

RT2F 


SO -r >1,0 - SHO. 4* c- 

2Rt.iF 2RTI2F 

2J:T,2F 


SHO, S 4- 0, 4- H* 4r e* 

2k7pr 

2RTIF 
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tion of the peroxide. Ihis interpretation vas criticized by 
84 

Walher and V^eiss with the argument that the ccrnbination of hy- 
dro}^! radicals to form H2O2 was highly inprobable, since the anodic 
fornation of H2O2 had not been detected. Hh&y then suggested a 
reaction path as 

CsT V ^ (CXi) + e~ rate-ccntrolling (11-14) 

(OH) + (OH) H2O + (0) (11-15) . 

(0) + (0) O2 (11-16) 

57 

Considering the cathodic O2 reducticn, Vetter : has proposed a 
reaction path with H2O2 as intenrediate: 

(OH) + e" (11-14) 

H2O2 + e~ (11-17) 

H02* + e“ (11-18) 

(H02)_+e" (11-19) 

02“ + h '*’ (11-20) 

O2 + e“ (H-21) 

He reasons that the subsequent steps after the formation of.H202 

are very fast, causing ^^2 to he undetectable. In. contrast, 

Bockris and Hug have concluded that the discharge of OH ion is 

the rate-controlling step for .02 formation in H2SO^ at Pt, followed 

Jay the fonr^tion of 0 atcns v^ch then ccnbine to form O2. 

49 

Hoar has studied tlie generation of ©2 in NaOII solutions at 

Pt and his data do not correspond to any of the five mechanics 

81 

proposed by Bockris. Hoar proposes that the step 


OH 

oh” + (OH) 

« 2°2 

HO2” 

(HO2) 


i 


(OH) f C»r (11-22) 

xs !irat©’'<x>ntro.'L.l '.liiis irs^s&s th s gu ostion &s to v^sthsr ths 

necluird firn ot 0^ fonivitiori. .m acid and alkal^e solutions is almg 

the sane_paths or noto deterndning the activation energies ^ 

85 

Stout has . a-5ncluded that the mechanisms are- different in acid and 
in alkaline soluticns with different activation energies in each 
solution* Qi the oontrary ^ Yoneda has argued that the mechanisms 
are usually the sane in both solutions with similar measured acti- 
vation energies. 

In an atteirpt to resolve this controversy, RiddifordZ.^ analyzed 
the results of Bockris and Hug and of Hoar , and suggests that the 
mechanism is the same in all solutions With the step 

(OH) + QH“ (O) + H 2 O + e’ (II-23) 

rate-controlling. 
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Damjanovic et al. ^ have re-examined tlie O 2 generation on Pt in 
acid and in alkaline solutions. Iheix results, support tiie njechanisms 
proposed Bockris and Hug in acid solution and Hocir in 
alkaline solution. However, three reacticai pathg are. still possible 
in acid and another three possible in alkaline -solution. 

(3) The Effects of Ions on Oxide Film Fometion and Oxygen 
Ggnifration 

Ihe previoiis studies of ion effe^cts at a Pt. electrode have 
principally concentrated on the adsorption behavior of halide anions. 
It lias been dcstonstrated by various tedinicjUGs®*^"®^ that ani.ons ad- 


sorbed on Pt <ire in the orx3er l” > Br"* > Cl" > S0%** > Clo",P" 

4 4 

at the saint’ electrode poten tial and the sarre concentration of ions* 

Halide ions except P" ion have a retarding effect on anodic 
oxygen film formation on Pt in acids. Breiter®^ was the 
first to use linear potential sweep to shw the effect of halide 
anions on i=inodic oxygen film formaUon. This technique has the ad- 
vantage of bringing the electrode to a more reproducible surface 
state than generally achieved with other methods. 

A study has been made by Podlovchenko, E^tein and Frumkin^^ 
to ccnpare the adsorption properties, of p" anions and SO^® anions 
on Pt. They have shcxm that S0^“ aniens are more strongly ads o rbed 
on, Pt than F ions^ and ttiat the anodic coQ^gen film fonnation in HP 
begins at more cathodic potentials than that in H 2 S 0 ^ with solu- 
tions of similar pH. Recently, Lane and Hubbard^^ have indicated 
that F anions have a strong retarding effect on anodic film forma- 
tion in H2S0^ solution. This result is rather surprising, as jvdging 
from the results of. Podlovchenko ^ ad. The p“ anion effect shown 
by Lane and Hubbard is probably due„to tlie presence of Cl" anions, 
either in the fluoride salt used or adsorbed during rinsing processes. 

Anions in high concentration are believed to be involved in 
Q>^gen generation. Gerovich, Kaganovich, Vegelesov, and Goro 
)ihov, Kasatkin, Rozental, and Veselovskii^ have observed two 
Tafel regions in ©2 overpotential measurements in concentrated 
HCIO^ solutions at Pt in the potential .range 1. 5-3,0 V. ThQ^ 
consider that the high Tafel region is due to the firect participa- 
tion of ClO^ anions in tlie electrode process. This is confirmed 




by using 0 ^® enriched HCIO^ solution and finding tliat the ©2 

18 

evolved in the upper Tafel region is enriched with the O isotope. 

A similar situaticai occurs in concentrated H 2 S 0 ^ (7-15 N) at high 
anodic potentials (2, 5-3,0 V) along with the production of 112820 ^ 
and H 2 S 0 e.®® » 
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Hickling and Hill reported that oxygen overpotential at Pt 
increased 10-110 mV in 1 N KOH and 40-310 mV in 1 N 8280 ^ in 
the presence of 0.02-0,1 N KF, and that this phenorenon was xanique 
as ccttpared to other metals of the Pt family. No explanation was 
attenpted by these workers. 

03 

Erdey-Gruz and Shafarik shewed that oxygen cverpotential on 
Pt in 3N 8280 ^ increased in the presence of large amounts (0,3-1, O N) 
of cations in the following order: > Al' ' ' > NH^"^ > Zn**^ > Na*^ 

> Mg > Li , Bieir interpretation was that metal catiaxs are 
incorporated in the double layer by association with the already 
adsorbed SO^~ ions. ®iey propose that this, results in deforming 
water molecules adsorbed on the electrode surface and changing their 
bonds with other water molecules. 'H’le attractive action of metal 
cations / affecting the electrons of adsorbed water molecules, 
hinders the transfer of electrons to the electrode, and increases 
the activation energy of the ©2 fomeition (^.e. » the potential 
distribution across tlie interface is changed) , 
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In tixe high anodic potential range (2,Q-3,5 V), Frunikin has 
shewn that the alkaline metal cations increase the ©2 overpotential 
txi Pt in the order Cs"*^ > Li"*^ > Na^ > . This cation effect has 


been interpreted on the basis tliat chanisorption of oxygen species 


j“je<jnl.;)vc' aharijc; os'cirvxtiporiuyates the positive potential of the 
<.-.'l.(ic,‘trcK'ie ie..‘u>.tivfc i;o tlK-i bill); solution and leads to the adsozption 
(jf caticais. 

Uozawa'^^ )ias shewn that 0^, oveipotential on Pt is increased 
by L'j-SO mV vAien Sr^^, Ca"^ ions are added to 1 M NaC3H. 

This effect has been explained in terms of ion-exchange noclianisms. 
The metal cations exchange for protons in the hydroj^d groups vdiich 
exist on the electrode surface to form a surface conplex. The ©2 
formation is thus depressed. The anodic film on Pt should have 
ion exc2^ge properties and this explanation appears quite logical. 


(wm III 


EXPERIMEWTAL PRCXmJRES 

Ihe experiinental procedures and equijxrent aiployed in carry- 
ing out the electrochemical measurements are described in this 
chapter. The equipment is essentially the same as that used in 
the thesis research of R. Zurilla for O 2 electrode studies on Au. 

The description is divided into the following categories; 

1. Mechanical Bquipment 

2, Preparation and Purification Techniques 

• 3. Electronic Equipment and Measurements 

A, Mechanical Equipment 

1, The Electrochemical Cell 

The ejqj^imantal cell v;as designed and built at Case 
Western Reserve University by prior workers aivd has been, described 
by Zurilla and Yeager, This cell, vMch was constructed entirely 
from Teflon, (xnsisted of a main ccnpartment for the rotating disc 
Pt electrode and two separate ccnpartments for the counter and 
reference electrodes. The main ccrpartment of the cell and the 
position of the ass^led disc electrode are illustrated- in 
Fig, III-l, The volume of the main ccrpartment was approdrnately 
500 cc, A volume of 400 oc of electrolyte was used for the experi- 
ments. Teflon connectors CE and RE were used for jointing the 
counter electrode and reference electrode cxrrpartments to the main 
cell. A Pd foil (99.99%), 2.9 cm diameter x 0,01 cm, was used as 
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Fig, III-l. rtain ccnpartment of Teflon cgII. T - Teflon. 
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a counter electrode with the bcick side charged with purified Hj. 
After prolonged charging witli purified H 2 # the electrode behaves 
as a 3-Pd-H electrode, as will be described later, TOie Pd electrode 
is cathodically protected against dissolution and contamination of 
the electrolyte with Pd is quite unlikely with this arrangarent. 

The reference electrode was connected to the main ccrpartment 
via a Luggin capillary, placed approximately 3 itm below the surface 
of the working electrode. TOie reference electrode was a Pd foil 
electrode (99,99%), 2.5 an diameter x 0,01 an, also with purified 
H 2 cn the back side,. During the charging of H 2 , the solution 
was filled with purified He. 

Normally the reference and counter electrodes were charged 
with purified for 24 hours in advance of a run. This charging 
method results in the formation .of a stable H-Pd alloy connipnly 
referred to as the 0~phase of the alley, 5his Pd electrode is 
designated as 3-Pd-H and attains the potential of a reversible 
hydrogen electrode (RHE) . Another Pd hydrogen reference electrode 
was fabricated, also consisting of a small Pd bead mounted on 
Teflon. With slK>rt time catliodic cliarging with H 2 evolution, the 
Pd. bead formed an a-phase of the H-Pd alloy as described by Hoare,^^^ 
This a-Pd-H. electrode sho^s.a potential of +0.050V vs, RHE. Pro- 
visions were made so. that the a-Pd-H electrode could be_inserted 
into the reference electrode cerpartment, either for use as a refer- 
ence electrode or for ch<^dng the potential of the g-Pd-H electrede. 
The counter and reference electrode cerpartments are shown in 
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2« The Rotating Electroc3e Assembly 

rotating electrode assenbly consisted basically of a 
hard tenpered steel shaft, ncunted on sealed precisicn bearings, 
which was rotated via a belt and pulley system by a 1/15 HP high 
speed Bodine universal motor, 1^^ NSE-12, The motor speed was 
controiled by _a General I^dio speed control, type 1701-WU, Shaft _ 
rotation rates were measured by means of a light beam vMch was 
transmitted aito a photocell throu^ sixteen equally spaced holes 
in an aluminum disc. attached to the. ipper part of the shaft* The 
frequency of the pulsed output, from the photocell, was measured with 
a Flxike .1941 A digital ccunter. . An aluminum framework was X3ed. 
to mount the motor, shaft, and bearings, .and the bearing housing 
was electrically insulated from the framework by vise of a 5/8 indi 
thidc Lucite spacer. 

The electrical connection from the working electrode was made 
at the top end of the shaft by means of spring-loaded Ag-graphite 
brushes, Tlais arrangement generated negligible electrical noise 
even at high rotation speed, 

3, The Nitrogen Atmosphere Box 

The electrochemical ejperiments were performed in a N 2 
atmosphere box to prevent OO 2 dust contamination. A Forma 
Scientific enclosure box was modified to accamodate the rotating 
electrode assesrbly. The box v/as equipped with rubber gloves and a 
vacuum interchange to facilitate the transfer of naterials in and 
out, A water aspirator was used to evacuate the interchange. All 


eleatrical„jadcs and tubing cxxincK.it. ions were jrade gas tight with 
rubber gaskets. The bcjx was purgejd with N 2 from liquid N 2 at — 
about 20 cc/min/ except vhen the gloves were in use. A heater- 
blcK^«r assembly v^icih was able to cxntrol the temperature of the 
environnent of the cell was provided in the box. 

B, Preparaticxi and Purificatican Technic?ues 
1. Electrode Preparaticai 

The worfdng elecrtrode was the Pt disk of a Pt ring-disk 
assembly, TiThile tlie measuresments were made with a ring- disk 
assembly, only the diskjwas used. The ring-disk electrodes consist- 
ed of a Pt disk to, 492 cm diameter) press-fitted into Teflon vdiLch 
had in turn been press-fitted into a Pt ring (0,556 cm internal 
diameter, 0,724 cm external diameter) , The Pt ring and disk were 
reference grade (99,999%), , The ring-disk asssrbly was then in turn 
firmly press-fitted into an outer Teflon cylinder (1,27 cm diameter). 
After the construction of ring-disk electrodes frcm tlie macdiine 
shop, the electrode surfac^e was first polished with Buehler MEJTADI 
polishing material (1/4 y) on nylon cloth, lubricating with Buehler 
AS iMErADX fluid, and follcx^;ed by polishing with Buehler AB Gaitma 
alumina (0,05 y) suspensions on Buehler Microcloth, VJhen the 
electrode surface attained a mirror finish, it was washed with dis- 
tilled water, degreased with isopropyl alcx>hol (spectro grade) , 
cleaned with 1:1 H 2 S 0 ^-HN 02 mixture (volume ratio, reagent grade) _ . 
and rinsed with triply distilled water, follwed l:y pyrolyzed water, 
(The preparation of pyrolyzed water is described in a later section,) 


Ihe electrodes were furtlTer cleaned with xiltrasound in a soluti^ 
of the same ccrposition as the electrolyte to be used and then 
either mounted on the steel shcift for experiment or stored in 
pyiolyzed water. When the measurements were finished, the elec- 
trodes were again polished with the ganma alumina suspensions, 
followed by chesM'cal and viltrasonic treatment as previously mentioned, 

2, Gas Purification 

Purificatic»i trains were constructed to purify H 2 , He, 

and O 2 . 

The tank H 2 (Air Products) used for charging the Pd counter 
and reference electrodes was purified with an Engelhard Iiidustries 
Pd-Ag alley diffuser. 

The tank He (Bureau of Mines Helium Plant) was purified with 
the use of the following tr^s: 

1. copper turnings in a Vycor tr^ maintained at MSO^C 
for removal of O 2 , 

2. molecular sieves (Linde type 13X) maintained at liquid 
N 2 tanperatures for removal of organic contaminants, 

3. molecular sieves (Linde type 3A) for adsorption of re- 
maining O 2 , 

4. glass wool filters. 

The tank ©2 (Linde) was purified to remove trace contaminants 
such as C30, cr> 2 , and organic substances. The purification train 
consisted of tlie following traps: 

1, silica gel (Fisher Scientific Co, , 6-16 mesh) for 
removal of water to protect trap 2 , 

2, ho]>calyte (Mine Safety ^^liances Co,, 14-20 mesh), an 
active inixed oxide catalyst for oxidation of 00 to OO 2 . 


4. ascarite (Arthur Thoras Co . , 20-30 mesh) NaOH on 
asbestos, for removal of OO 2 . 

5. rutile (Fish^ Scientific Co.,), Ti(X maintained at 
acetone-dry ice bath tarperata^es, for ranoval of roost 
organic substances. 

6. glass wool filter. 

All o£ the gas lines were constructed of glass or Cu and the 
traps were made of glass. Glass to Cu connections were attained 
\jsing Swagelok fittings coupled to glass-to-metal seals. For the 
electrochemical measurements, purified. He or ©2 was passed throu^ 
bubblers containing pyrolyzed water before entering the cell. 

3. Glassware and Teflon Cleaning 

All Pyrex glassware used in tMs work was cleaned with 
1:1 H2S0^-I1N02 mixture for one week. Before lose, each piece was 
thoroughly rinsed with triply distilled water. 

The Teflon cell and all other Teflon parts were initially de- 
greased in 4 M KOI for cne day. After thoroughly washing With 
distilled water, the cell and parts were cleaned v/ith 1:1 H 2 SO^- 

mixture, follaved.with thorough rinsing with triply distilled 
water until all the acid was leached from Teflon. 

4. Chemical Purification 

The i^urification procedures involved for the various sub- 
stances were as follcxifs: 

Triply distilled v;ater . Triply distilled water was ob- 
tained by distillatiai of tap water tliree times, the second distil- 
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•lation lix'.irK} Cvcrn an alkaJ.-Lne Kf-inO^ solution, W»e last tovo stages 
were caxric-xi (xit in an all-~P.yxcix; ajjparatus in a N 2 atmosphere. 

Pyrolyzed water. Pyrolyzed water was prepared by dis- 
tilling the txiply distilled water through a pyrolysis quartz 
column, packed with Pt/Rh gauzes with ©2 purging, and maintained 
at 'v800®C. Pinal distillation was followed after pyrolysis in a 

N 2 atmos£^ere. 'Ihis procedure has been described by CcxTway, 

103 

Kozla'^ka, Sharp, and Griddle to ultrapurify water for electro- 
chemical work. 

d. Activated charcoal. Catinercial cocoanut charcoal 
(Bamebey-Chen^ Co., Colunbus, CSiio) was purified by refluxing in 
a ScKhlet extractor tube, with azeotropic HCl solution N^) for 
at least four weeks followed by refluxing with triply distilled 
water. for at least four weeks,. During the refluxing operations the 
solutions were changed frequently. The activated charcoal was \ased 
to absorb irpurities in the electrolyte. 

5. Solution Preparation and Pre-electrolysis 

Solutions of various acids were used in tliis work. Acid 
solutions were mostly prepared with ultrapure acids (Ultrex H 2 SO^ 
from J, T, Baker, ultrapure 49% HP and ultrapure 85% H^PO^ from 
Apache Chemicals, ultrapure 70% HClO^ from Ventron Alfa Products) 
and pyrolyzed water. The H 2 SO^, HClO^, and H^PO^ solutions were 
prepared in cleaned glassware and used witliout further chemical 
purification. All HP solutions were i>repared in Teflon bottles and 
treated with activated cljarcoal to remove trace chloride, A 10 N 
HP solution v/as first preixurcd and activated charcoal (1 g/100 ml 
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solution) was then adtea to the first solution. n>ie solution «as 
stirred a»3 alloved to stand overnight to pendt the Oharcoal par- 
tioles to settle to the botton of the J»ttle. the clear portion of 
the solution was used to prepare diluted HP solutions. In sons 
early overpotential naasvora«>ts_of 0^ generation, triply distilled 
water was used to prepare HP soluUons because pyrplyzed water was 
available at that tine. Hf«ever, the results obtained showed 
significant difference as conpared to those in solutions prepared 

with pyrolyzed water# 

solutions of 0.1 N SaOH were prepared in Teflm bottles by 
dilution of activated oharcoal-pretreated 1 N NaOH with triply dis- 
tilled water. A 50% stock solution of NaOH was first formulated 
from special low carbonate NaOH pellets (J. T. Baker) . After 
allowing the 50% soluUon to stand over several weeks, the solution 
was decantel tines to r«ove precipitates Na^OOj. A 1 J) NaOH 

soluUon was prepared fran this . 50% solution, then treated with, 
activated cliarooal to ranove raraining inpurities. Bie.oarbonate 
solubility with 50% NaOH is t lo'^ M and hence the carbonate 
concentration in the first 1 N NaOH should have been v. 5 k 10 M. 

various additive acids, bases, and salts were ai^loyed in the 
ercerinnnts. . Dilute soluUons of these ohmUcals were prepared 
with connarcially avail^le ultrapure dae^cals (Apache Oaenicals. 
or ventron Alfa Products) or vdth activated charcoal pretreated 
reagent grade chemicals when ultrafure ones were not available. 

Before each n«asur<naant, the solution was pre-electrolysed at a 
potential of about 1.5 V beU^ a^iliary Pt (99.99%) electrodes 
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witJiiji the Teflon cell. Each auxiliary electrode was in the form 
of a sheet (4 can x 2 an x 0,01 can) , v^ch was spot welded to a Pt 
wire. Prior to pre-electrolysis, purified He was bubbled through 
the solution for at least one hour to deojQ^genate, at least par- 
tially, the solution; the bubbling was continued throughout the pre- 
electrolysis to provide the agitation and the inert atnosphere in 
the solution. Before placing the ancillary electrodes in the cell, 
they were cleaned with a 1:1 H 2 SO^-HN 03 mixture, followed by 
thorou^ rinsing with pyrolyzed water or triply distilled water. 

The pre-electrolysis was carrxed out for at least 24 hr for 
_solutions and 48 hr for NaOH solutions. The auxiliary electrodes 
were raised above the solution level before disconnecting the pre- 
electrolysis current. The use of platinum as pre-electrolysis 
electrodes leads to oontamination of the solution with platinum, 
but it is very difficiiLt to fir.d other electrode materials that do 
not present similar difficulties. In the present work with Pt 

working electrodes, Pt contamination in solution was not considered 
a problem. 

C, Elec:tronic Equipment and Measurements 

The experimental results reported in this work were obtained by 
linear potential sweep and guasi-=steady-state potentiostatic tech- 
niques. The current-potential curves obtained from linear potential 
sii?eep techniques yield informaUon concerning adsorption-desorption 

of species present in the solution and oxide film formation and 
reduction. 
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Tji linr-ar voXtanrnetryr. the potentiostat used was a 

Princ^tori Applicxl )^sea):r;')> Potent;lostat/Salvanostat» Model 173 
with a Model 176 current-to-voltage c»nverter and a digital readout. 

pcjtjential rswciep oont.rol was provided by a PAR universal pr^ 
granmsr J'todel 175 or by a triangular sweep generator designed and 
built by B. D, CaJian at Case Vtestem Reserve University. 71>e 
current-potential curves were recorded on an X-Y recorder (Houston 
Instrument Omnigraphic 2000) . 

Ihe quasi-steaf^-state potentiostatic measurem^ts were per- . 
formed by erploying the PAR Medel 173 potenUostat with digital 
readout. Two potentiometers which can’be used interchangably are 
provided witli this potentiostat. The electrode potential can be . 
stepped to a selected value by presetting one of the potaitioreters 
v^le the other is controlling the electrode at certain potaitial. 
Usually the Pt working disk electrode was pre-polarized at 2.0 V 
vs, a-pd-H before the potentiostatic measurements were started 
toward Iwer potentials. The disk electrode was rotated during the 
measurement at 3600 rpm vmless otherwise noted. The current reading 
was taken after the electrode potential had been maintained at the 
desired potential for 2 min. On sane..occ-asions, the electrode 
potential was driven by a slw potential sv'^p and the currfait- 
potential curve v/as recorded on a recorder. 


CHAPTER IV 


PRESP^TATION OF RESULTS 

The experirtvental results to be presented were obtained prin- 
cipally by linear sweep voltanmetry for anodic oxide film jLormation 
on Pt and potentiostatic overpotential measurements in conjunction 
with. the rotating disk electrode technique for 02*-generation on Pt. 

A, Linear &veep Voltanmetry in Acids 

1. Voltantnograms of Pt in Various Acids 

Voltammograxns in 0.1 N H2S0^, ICIO^ are 

shown in Figs. IV-1 - 4. A coiparison of the voltairmograms reveals 
the proninent chai^ges occurring with the change of anions in these 
acids. More fine structure is observed in both the J^drogen region 
and anodic oxide formation region in H2S0^ and H^PO^ solutions. 

With the stronger adsorbability of sulfate and phosphate, sharper, ~ 
pe^s occur in the hydrogen adsorption-desorption region in ^280^ 
and H^PO^ solutions. The hydrogen peaks are designated in the order 
of their appearance in this anodic sweep in Fig. IV-1. The middle 
peak in H2SO^ (peak III) and H^PO^ does not show its counterpart in 
the cathodic sweep. In HF and HClO^ solutions the hydrogen iseaks 
are not as sharp m oarpared to those, in H2®^4 ^^^4 sol'^tions, 

and the potential range for the hydrogen region is wider (0,02- 
0.4V). The hydrogen pea);s are more or less shCT^’ing their counter- 
parts in both anodic and catliodic swoops. 
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■nx- .fc-W,. rr^p'on .to „jS 0 ^ ana HjPo^ solutions Is 
«sontx.m,y nat a,Kl to jxxtonttol rsngo, «Mto ttet to «P 
HCIO, with toss M.sor,xsble unions is not flat und.nariowor to 
F’tantlal .runga. tIk ;„ato oxida fonmtion to H^SO^ and HJO 

>«g.tos ut nora anodic potential and shows nt>ra rasolution as oL 
Fired to tlie other taro acids, 

Ptosanoa of four peaks for tte ionisation of adsorbed 
and < 0 *, paaks to oxida fon^tlon region with the first on= 
Mvong a slight .shoulder, verifies the results reported by toger- 

stein-Ko2la-/ska. et u 

towever, this observation is not conitc 

for all acids. IVre factors can contribute to the differences to th 

volta^etric Curves to various acids, acidity and specific Inters 

actions of the acid or its anion with the electrode surface. 

Evidence, will be presented that tie specific ad.sorpUon of the 

anions is the principal factor. 

^ m Pig. iv- 5 , the integrated clun-ge for hydrogen adsorption 
expressed as the ratio 0 ^q„, is shown.as a function of poten- 

0.1 N .F, JCIO^, and H^SO^. At Host potentials, , the 

cha.-je associated with the hydrogen region is lower to 0.1 N H SD 
>*110 that to 0.1 N HF is hig]«r at all potentials. This diffL" 
Shoe in clarge ray reflect the anion udsorpUon.desorRUon clarge 
s^^rtoposed on the hpdrcga, cl^rge. ,he Pt electrode «^loyed 
had a roughness factor of after ro^x^ated potential cycling. 
education was tas«l on tJr, facts tiwt a tiieoretical calculation of 
U renolayer coverage of hydrog<a, on Pt is vl20 uC/an^, ans.ndng 
1 V.vurface.Pt with prcctontoantly 111 end 100 orientations. The 


charge fox hydrogen adsorption at various potential was thus oX“ 
pressed as a ratio relative to the total d'args for hydrogen ad- 
sorption. 

In Figs. lV- 6 , 7 voltannogranB of Pt in 0.1 N HP and H 2 S 0 ^ are 

shavn witJi various, reversal potentials in the oxide fomiation 

. The anodic film forretion is reversible in the beginning. 

As the potential sweeps becotB more anodic, irreversible character 

becanes evident with the reduction of anodic film showing as a 

single larger peak and the_peak potential shifting more cathodic. 

The integrated oxide fontation charge Q_, e>®ressed as tte ratio 

shewn in Fig* IV -8 as a function of anodic potential in 

various acids. The ratio reaches mity at a potential of ^^1,1 V 

and shews linearity as the potential sv^^eps inore anodic# The ratio 

^ ^ interpreted as indicating the Pt electrode surface 

is at full coverage of or at half coverage of 

Tlie ratio 2 at potential 'v 1,4V inplies full coverage of 

PtO. electrochemical techniques alone cannot identify 

these species on a Pt surface. The results from ellipsometric 
. 12 

studies reveal that the nature of an anodic oxide film clianges at 
potential 'v 1,1V, The charge for oxide fomation in the potential 
range 0,8-1. 4 V is higher in 0.1 N HCIO^ and IF than that in 0.1 N 
H 2 SO 4 and H^PO^, indicating an earlier oxide formtion in the anodic 
sweep in tlxjse acids with less adsorbable anions. 

Pig, IV-9 shews the ratio of the charges consume for oxide for- 
mation and required for reduction, Q/Q. as a function of anodic _ 

a C 

potential in 0.1 N 11280 ^ and IF. At potentials < 1.2 V, ratio 








functicjn 



Q^/Qq is essentially unity and increases at more anodic potentials. 
This same observation was made by Angerstein-Itor ^ska et al,^ in 
1 N H2S0^» These results sha^? that the reduction of Pt oxide film 
is not fully achieved within the cathodic svreep before the hydrogen 
adsorption region .is reached after polarization at potentials > 1,2V, 
The peaJcs for the oxide formation in 0,1 N H 2 SO^ have been.de- 
convoluted using a du Pont 310 curve resolver vath Gaussian distri- 
bution, The results are shown in Table IV-1, 

table IVr-l, The Deconvoluted Peak Potentials and Charges of Pt 

Anodic Oxide Formation in 0,1 N H-SO. 

— 2 4 


Peak 

Peak Pot^tial/V 

^9c/®H^peak 

°A1 

0,87 

0.15 

°A2 

0,93 

0.4 

°A3 

1.05 

0.8 

i 

It 

According to the notation 
Kozlcwska et al,5 

of Angerstein- 


The experimental values are in agreonent with those reported 
by Angerstejn— Kozlcwska et al , but the first peak potentials 
are a little less anodic than their results. This. difference in 
peak potential can be attributed to the difference in the conoentra- 
tion. of H 2 SO^ used in both studies. This ciifference can te clearly 
shown from the potential for the onset of oxide .fonration. The 
oxide formation begins at 0,76 V in this study in 0.1 N lUSO, as 
corrpared to 0,8 V in the. current-ix>tential curve of Angerstein- 
Kozla;s):a et in IN H 2 SO^, 


Attenpts have been irade to deconvolute the oxide foxnation 
curve for the other electrolytes beyond 1,2 V and are listed in 
Table IV-2 for 0.1 N HCIO^, HF, and H 3 PO 4 . 

iv-2» The Deconvoluted Pea}; Potentials and Charges of Pt 

Anodic Oxide Fornetion in 0,1 N HCIO^, HF, and H^PO^, 


Acid 

Peak 

Peak Potential/V 

^Qc/^H^peak 

HCIO. 

“ 

9ai 

0.84 

0.23 


°A2 — 

0.94 

0.7 


°A3 

1.06 

1.0 

HP 

°A1 

0.85 

0.2 



0.97 

0.7 


A2 




°A3 

1.09 

1.0 . 

H 3 PO 4 

°A1^ °A2 

0.95 

0.3 


°A3 

1.09 

0 , 8 . 


The Pt oxide fonration beyond 1.2 V in roost acids studied, can 
be deconvoluted into three peaks except in JI^PO^. In H^PO^, the 
first two stages of oxide .fonration probably occur simultaneously 
and form a single pea);. _ A ccnparison betaveen the results shown in 
tables shews that tlie initial stages of Pt oxide formation pro- 
posed by Angerstein-Kozlcws)ca et are influenced by the anions. 

presented in acids. The positions of pea): ixjtentials and . charges 
at pea); are_different in various ..acids.,. Though acidity ;can be a 
dcr.unant factor, evidence will )je presented in a later section that 
anions are the -principal factor. 
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on Vcd UirtTipgrcuns of'Pt in Acids 
;jiiK?e diffemrit, structures was observed in tlie cittrent-f 
potential aarves for Pt in various acida, the addition of selected 
ai-iiofts l:o varioiAs acids was perfonnad to study thsir effects on the 
current-potential curves. Fig. IV-10 shows the effect of S0^“ in 
0,1 N IIP. As tJie concentration of SO^*" is increased, tl>e current- 
potential curves gradually become similar to that in 11230^. Pour 
peaks in the ionization of adsorbed hydrogen becone clearly evident 
when SO^"* concentration is increased to 5 x lO”^ M, The inte- 
grated d'^arge under the hydrogen portion of the voltantretry curve 
includes the faradaic component associated with the H 2 generation 
in the cathodic sweep and H 2 oxidation in the anodic sweep, although 
the latter is smaller in a solution essentially free of H 2 in the 
bulk. Deconvolution of the peaks could permit a correction for 
these faradaic components but such is difficult to accomplish 
quantitatively. Efforts at doing that lead to the conclusion that 
the total charge- for hydrogen adsorption and ionization remains 
essentially, unchanged if correction has been made -to exclude the . 
charge due to the formation arid oxidation of H 2 . The rightmost, 
hydrogen peak (the so-called strongly bound hydrogen perik) occurs 
at more, catliodic potential arid becomes sharper and higher as the 
concentration of SO^“ is increased. 

The double layer region becomes flatter and wider in i')otential 
range. The oriset of oxide formation begins at more anodic potential 
when is added to 0.1 N HP. The gradual appearance of a second 

peak and a shoulder on the first peak in oxide formation region 





shews that these tvro feattires observed with H^SO^ as tJie electro- 
lyte are dependent on the. interactions of the S0^“ with the Pt 
electrode, 

^Hie addition of differeoit concentrations of F* tp to Oil N to 
0*1 N H290^ was also, studied. In Fig, IV— 11 the current— potential 
curve after adding IF in 0,1 N H2SO^ shows no change in. shape. 

Another set of experiments was conducted to investigate the 
effects of SO^" in solutions of 0.1 N HCIO^, since both H2SO4 and 
HCIO^ are much stronger acids than HF, The . results are shown in 
Fig, IVfl2, Similar effects, are observed to those found with the 
addition of SO^ to HP ^ oonfirming that tliese effects are. not due 
principally to change in acidity. 

In Pig. IV-13 the current-potential curves are shown for 0.04 N 
N IF, These two solutions have been shown^^ to have 
similar pll values. The difference in these tvro evurrent— potential 
curves clearly - shews the role of anions in the voltaimogrcms. 

Chloride anions have been knewn to be one of the ocimor inpuri- 
ties present in the solutions in electrochemical stiadies. This 
88 

anion was shown to be specifically adsorbed on Pt. Consequently, 
the exfects of this anion on tlie current-potential curves have been 
examined in 0.1 N HF and 1 W H^SO^. Fig. IV-14 shows the effects 
of Cl in .0.1 N IF on the voltanretry curves of Pt. The presence 
of Cl. in HF solutions causes the rightmost hydrogen peak occurring 
at more cathodic potential with the hydrogen peak heights becoming 
higher as the concentration of Cl" is increased. The charge for 
hydrogen adsorption and ionization is essentially unchanged. The 






IV-- 13, VoltaOTnograms 






* . POTENTIAL '(V) VS RHE 

Voltanmograms for Pt In 0.1 N HF vlth Tarlous concenti-ations 
of HCl added. 
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(ilcuih.'le .loyf;.'.r rc.'giou rn lOv--* ancxiic sv^sep becomss flatter and the 
)x>t(-jntia!l. ran^e witl(jr w’ljea CX" is added. The Cl" anions strongly 
r-etard t)-»G oxide forTtvitiort. \-hen Cl" is added \sp to lO"^ N, itolec- 
uj.ar di.lo.rine foruBtioi). aiid ionization are evident in. the current- 
potential cTurve. 

The effects of Cl" in 1 N H2S0^ aresho-m in Fig, IV-15, 

Similar effects have bedi found witJ^ Cl" in 0,1 N HP. 

The effects of Cl“ in. solutions of IF and H2S0^ in the hydrogen 
and doxiile layer regions are similar to tl»se of S0^“ in solutions 
of HP and HCIO^, With the stronger adsorbability of Cl" on Pt tlian 
SO^ , the effects of Cl are more prominent, Ajxion adsorption has 
shown in this study to have a pronounced influence on the adsorption 
and ionization of hydrogen and oxide film formation on.. Pt. Possible 
mechanisms by vhich these effects occur will be discussed later. 

In Fig, IV-16, the shift of strongly bound hydrogen peak poten- 
tial is shc^^mi as a function of the concentration of added anions. 

The shift has a linear dependence on tlie logarithm of anion concentra- 
Xu Fig, XV—17 ^ the potential for. the onset of oxide fomtaition 
is shown as a function of S0^“ concentration. The retardation of 
oxide formation also has a linear deixandence on the logaritlim. of 

C . 

SO^ concentration, Tliese results inply that anion adsorption is . 
competitive with hydrogen chemisorpt.-ion and oxide-film formation. 






‘ i on Vol tanix>grains of Pt in 7\cids 

The vo!l tcxrrrncjgi^TiTB witli Li"^ and Cs"^ cations added to the 

solutions of 0,1 N 11280^ are shown in Figs, IV-18, 19. The presence 

•f -3 

of Id Ccttions in 0.1 N ^280^, up to a .concentration of 5 x 10 M, 

t ' ightly lavers the first tv/3 pealcs in hydrogen portion of. the 

current-potential curve, Tlie effect of Cs"^ cations in O.l.N H2SO^ 

is xiiore pronounced vdth the first two hydrogen peaks nerged into 

one. broad peak, Ito appreciable effect on oxide formation is observed 

* 4 * * 4 * 

with Li and Cs cations added. Specific adsorption of Cs cations 

on Pt in the hydrogen region has been shewn by Kazarinov and Bala- 
105 

shova in Cs2SO^ + solutions using radiotracer methods. The 

merger of two first hydrogen peaks into one can he attributed to 

this cation adsorption. 

2 + 2 + . . 

Figs, I\^-20, 21 show the effect of Ba and Sr. -.cations in 
0,1 N HSIO^ on the hydrogen portion and tlie oxide formation portion 
of the VDltamtetry curve of Pt, The, effects are small _witlr. the . 
hydrogen, peak potential somevhat shifted and the. peak in oxide for- 
mation sliglitly lc^vered. 

The effect of and H(C2H2)^'^ cations on the current- . 
IXJtential curves of Pt.in. 0,1 HF are sl'iown in Figs, IV-22, 23, 

The presence of cations slightly affects the hydrogen and oxide 
formation portions of the voltarimograrn. The huirp at 0.72 V nay be 
due to inpurities present in.l^I^F solution, ^-Jlien N(C2Hg)^^ cations 
are added to 0,1 N IIP, the h^'drogen ]x:a};s are sliifted and beoctne 
less v;ell defijied. Die oxide -foniation is retarded cind tJie peal: 
lc^■rared, Seme portion of the effects indicated in. Figs. IV-22, 23 







0.1 N IICIO 








imiy .be due to the change in acidity in tito partially ionized IF, 
resulting fron tlie addition of the salts. 


B. S^P. Vgit aniTBtry in Alkalin e 


Anion Effects on Volt 


ra'iTs oJ 


stdium salts of various anions were adijad to the .solutions 
of 0.1 N NaOH to study the effects of .anions on the ounent- 
potential curve of Pt .in alkalisie solution. The presence of iodide 
and cyanide anions to NaOH solution was found to have large effects 
on the voltamograms of Pt to 0.1 N NaOH. Eronide anions shewed a 
slight influence on the voltaimogram of Pt to 0.1 N NaOH. tor the 
other anions studied,_even concentrations up to .10*2 „ aid not stow 
any pronounced change to the .voltaimograms of Pt in 0.1 N NaOH. 

■ttess other anions tocluded chloride, cartenate, sulfateT silicate, 
pGiTchlorate and pho^hate* 

The results of..adding iodide, cyanide and bretnide ^ons to 
0.1 N NaOH are shown in Figs.. IV-24 -_26.. Even with.only lo"^ .m 
of I present in 0.1 N KaOH, the hi^en region is changed drasti- 
c^ly. The peaks are dijiiinished with a nev; pealc appearing at a 
mare cathodic potential. Iho onset of oxide fonmtion is retarded 
and a nav. pealc appears at a.pgtential. of 1.3 .V.. This new peak 
corresi>onds to iedide oxidation. When the concentration of is 
increased , to 10 ^ M, tJie hydrogen peaks octur. at more . 
catlxxiie potentials. The oxide foni^tion-is totally blocked and I2 
foCTBtion Ixicores significant at potential > 1.2 V. 







isy 
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A similar effect in t ]>2 hydrogei-) xegion, is observed wlien 
lO"^ M of CN** is present in 0.1 N NaOH. The sliape of the oxide for* 
mation region is changed while tte total charge for .oxide film 
reduction is essentially unchanyaJ for a fixed sweep rate and range. 

Slight changes are observed in the hydrogen and oxide formation 
regions v^en Br“ is added. As maitioned previously, Cl is a ootimon 
iirpurity present in solutions. However, this anion does not have 
any significant effect on the voltartmogram of Pt in alkaline solution. 

On the basis of these voltaitmetric studies, the strength, of the 
anion adsorption on Pt appears to be in the order . i“ CN" > Br , 

0H“ > Cl“ > SO^ > P 04 “ > CIO 4 ", f“ , shewing good agreement vd.^ 
that reported in the literature, Tliose anions which have 

weaker adsorbabili^ on Pt than OH do not have any effect on the 
current-potential curve of Pt in 0,1 N NaOH in the concentration 
range il0~^ - 10**^ M) studied in this work. 

It is well known tliat 0 h“ will attad: glassware used as con- 
tainers for alkaline solutions. This, leads to the presence of sili- 

-3 

cate in aB;aline solutions. Silicate anions up to 10 M, the 
highest added in 0.1 N NaOH, do not h .ve any effect on voltammo- 

grams of Pt. . 

2 . Cation Effects on Voltanrograms of Pt in All calihe Solutions, 

2 + 2 + 

Figs. I\'-27, 28 sliav the jeffects of Ba and Ca on the 
current-potential curves of Pt in 0.1 N NaOII. These- two cations 
shotV pronounced effects id.th the. hydrog^ peaks shifted texvard more 
cat)-iodic and the oxide fonration retarded. 
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C. Poteji ti ostatic Polarization t^asurements on Oxygen Generation 

1 • CMa si-rSteeady .State. Potentiostatic Polarization Measiireanants 
oF~Qxyg6n Generation on Pt in IF 

The quasi-steady state potentiostatic polarization curves 
in 0»1 N HF are shewn in Figs. IV-29 - 31, Pig, IV-29 was obtained 
by polarizing the Pt electrode at specific potentials stepwise, in- 
creasing from 1,55 V to 2.05 V (curve A) then lowering the potential 
in. steps (curve B) in He- and 02-saturated 0.1 N HF solutions using 
the same electrode,. The results show that the dependence on ojq^en 
partial pressure of. oxygen generation is insignificant. Though 
slight differences are. observed in .the lower portion of the polariza- 
tion curve, this is. probably caused by aging of the electrode sur-** 
face vMle it reirained at open circuit in. the solution during the 
change of the saturation gas from He to © 2 . A -large hysteresis is _ 

observed in the anodic polarization curve as has Jseen observed by 
2 

other workers. . In the descending part of the curve, a well-defined 
Taf el . region .is observed (curve _B), The Tafel slope is 130 mV/ 
decade, similar to that obtained in both the present work and the 

literature in H 2 SO^ and ICIO^ solutions, 

In Fig. IV-30, the electrode was first polarized at 2.0 V for 
30 min, j next the potential t-as lowered in steps to 1,.65 V and then 
retumed_in . steps to. higher values, A retraceable Tafel region is . 
Shewn with a slope of 130 mV/decade. Upon polarizing the. electrode 
at.higlier anodic .potential, a. quasi-steady state is reached on the 

electrode Surface,.. The thic)uiesS of the Pt anodic oxide film. is 

. 5 55.67 

estnmted aS v8A from otlier studies ' 


after polarizing tiie Pt 



,-saturated 9 - overlapping ’points 





Log I (A/cm 



10 min* 3» 30 inin 



eloctrorle at 2,0 V for 30. min 


Fig. IV-31 shovvs the effect of polarization tima on ojQ'gen, — 
generation, using slow linear potential svA^p voltafitretry, (1,5 roV/sec) 
The potential was sv;ept frcnn 1,35 V to 2,_05-V, th^ tlie potential 
was lield for differ ^t -tines at 2,05 V, ne^ swpet down to .1,6 V, 
Prior . to each series- of sweeps the electrode was reduced .at 0,45 V 
for 10 inin, . The Tafel slopes sliown in Fig, IV-31 ronain independent 
Of polarization time, but the exchange current . density decreases, 
as a function of polarization tiire, Tlie. meclwasm of oxygen genera- 
tion is thus unchanged and. the electrocatalytic activity is de- 
creased hy longer prepolarization tine. It can.be seen that a 
standardized prepolarizatiOn. treatmant at high anodic potential is 
needed fot reproducible electrocatalytic stxdies of oxygea generation 
on Pt, For the study of cation and anion effects on oxyg^ jgenera- 
tion, the Pt electrode was first polarized at 2 ,.05 V for 30 min, and 
the Tafel region was examined .by lowering the potentials. 

2. Ca tion Effect on Ox\>gen Generation 

Tlie effects Of Cations of owgen generatioa..are. slicwn-in 

Pigs. I\^-32 - 34. The effects are rather small with all tlie Cations 
studied. TheJEafel slope is unchanged .except for N(C 2 H 2 ) and the 
catalytic activity is soiteidiat layered hr,' adding other cations in 
addition to The initial atterrptjto study the- effect of alkali 

metal cations in IIP solutians w’as hot successful, due to tlie presence 
of traces of_ahloride which v«aro ver^' difficult to rarove in all of 
tlie fluoride .salts,, particularly GsF. This study i nstead was jx?r- 








0*1 N NaOII + 5 X 10 ^ M^BaCOH) 



-Ba=i 


fom^l in h^SO^ witli sulfate The Cs'*’ cations is 

largor-tlian tlwt Of,.Lil catiQriS, 'flils verifies tl>e results of 
firdey-^ruz #. Galiyas and S»et6y.^^‘ , llie effect of. Nli^ cation is 
iTDSt prol:iably due to the d-un^e of acidity in HF.. The 0^ gOilera- 
tion overpotential is 60 mV per Tlie presence of N(C 2 H 2 )^'*’ 

cations causes a. deviation Of Taf el slope . This may be due to a 
partial blocking Of ’the electrode surface by . these large organic - 
cations, and/or irodifications in the potential distribution across 
the. solute-oxideritetal region. — 

While the majority Of the O 2 anodic polarization studies have 
been carried out in acid solutions ^ a. few measurements have also 
been made in alkaline solutions,, despite the pixrification .problems. 
Two Taf el regions are shavn in 0.1 N N^H, with a slope of 
100 mV/decade in tlie upper region and a slope of 180 mV/decade in , 
the laver reg.ion. Damjanovic et al. have, also observed slope 
diange in alkaline solution and attributed . the diange to a change 
in mechajiisra. of O 2 generation. An alternative je^lanation is that 
pot^tiol distribution across tlie ■ solute-oxidc-rnetal region has 
shifted, perhaps due to changes in the^surface oxide properties, 
at lower: potentials. A third explanation- is tlie .adsorption or de- 
sorption of sorne_ iirpurities in NaOH solution in .the region of I.9.V. 

I 

The. curves in Fig. IV-34 indicate that the effect of Ba is 
to increase tlie overpotential with very_little modification of 
slope, Tlie_ precision, is not sufficient to establish tlie concentra=... 

tion depandence qtJier tlvin to note tliat tlx3 effect increases witli 

<4m1» 4 **3 

cxaic«aitration in the range 10 - 10 M, 
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Effect on Oxygcai Cjoi'te ration ■ - 

OTici ei:.foct of ariion.g on oxygon generation is shown in 
Pigs* :rv-3S - 37« 'Hie Pt electrode was prepolarized at 2.05 V 
foi 30 m;L)v in ,sr ..iutions free of acHded anions. The neasuraient 
was nadei-^ifter addition of anions. Chloride d.s a oormon inpurity 
present .in solutions. In IIP .solutions, traces (lO"^ M) of Cl" _ 
lower tJie. catalytic ..activity for O2 generation slightly without 
changing the Tafel slc^. VJhen Cl** concentration reaches 10*^ M, 

CI2 formation., is evident from the polarization curve. Even 
cr concentration present is lO"^ M, the effect on 0 ^ generaUon - 
is small in the potential range 2.05 V. In the lO"-^ M Cl" — 

containing solution*, tlie current associated with CI2 generation prxsb- 
ably oorresponds, to the differences, in curves 1 and 3. This -differ^ 
ence is much smaller than the diffusion limiting current calculated 
for CI2 generation. Tlie overpotential, for CI2 generation on tlie 
oxide covered Pt appears to be much higher than on Pt in a lo"^ 
to 10“^ M HCl solution. 

In alkaline solution, tlie potential for CI2 generation is 
shifted anodically relative, to ©2 generation. When 10**^ M Cl" is 
present in_0, 1 NaOH, the overpotential for O2 generation is in- 
creased slightly with tlie Tafel slppe. essentially unchanged. 

The polarization for O2 generation is also-increased l:y sili- 
cates added during tlie run after the prepplarization at 2.05 V for 
30 min. The .effect is-similar to Cl“ and the effect is so small that- 
it is difficult to Gstablisli clearly whetJier a cliange in the Tafel 
slope is produced. 










CHAPTER V 


INTERPRETATION AND DISCUSSION 

A. Mechanisms For Cation And Anions Effects on Hydrogen Chemi- 
sorption on Pt . 

Two forms of adsorbed hydrogen have been proposed to explain 
the principal peaks (1, IV in Pig. lV- 1 ) on Pt in HjSO^ solutions; 
they have been described^®*^ -as weakly and strongly bound hydrogen^^ 
The existence of the third peak (111) in. the middle of two main 
peaks in -the anodic sweep was recognized later^®®. However, this 
third kind-of-hyd^agen on Pt is not observed during the cathodic 
adsorption of_hydrogen in 8280^ solutions. Will^®® tentatively 
suggested that these various peaks could be assigned._to hydrogen 
adsorption on the different crystalline faces.- It was shown that 
on each of the faces studied, all three peaks could be observed— 
with different ratios of peak heights, suggesting that- the surface 
topography.., did. not correspond \miquely to the macrosopic orienta-^ 
tion of the single crystals. This explanation, however, did.not 
give a satisfactory answer to the non-existence of the third peak 

in the cathodic sweep. 

109 

Breiter has proposed that the third anodic peak ar ises 
from the oxidation of dissolved atomic hydrogen in the platinum 
crystallite and molecular hydrogen .dissolved in. the electrolyte, 
both species being formed during the cathodic sweep.. Kinoshita, 
Lundquist, and Stonehart^^® have criticized this explanation and 
have shown that the calculated charges due to the oxidation of 
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dissolved atomic hydrogen and molecular hydrogen are rather small 
as compared to the experimental charges measured under the third 

anodic peak. Stonehart^^^ has suggested that the third anodic peak 

having no mirror image , is due to a surface interaction between the 
weakly and strongly bound hydrogen forms. It is explained that 
this third species cannot exist until both weak and strong species 
are present and therefore cannot be observed during hydrogen ad* 
sorption. Kinoshita et al . explained the situation by ,^e sur* 
face diffusion and .reorientation of the -strongly bound hydrogen 
while Angerstein-Kozlcwsa et ^^'^-es^lained by the relocation of 
adsorbed hydrogen. 

ln_the present work, the counterpart of the. third anodic peak 
is evident -in- the cathodic sweeps., in 0.1 N HF-and HCIO^ (Fig. I V- 
3,4) although not in 0.1 N H2SO^ and H^PO^ (Fig. IV-1,2). The 
non-existence of the third cathodic peak can be due to largely 
overlapping of this peak with other peaks in. the -solutions of 
H2SO4 and H3PO4. The interpretations in the literature do not 
appear to be correct , 

The existence.-of four .distinct peg.ks.. in the. anodic sweep w^s 
first reported by Angerstein-Kozlowska - et Two models- are 

favored by these authors. The first model describes the multiple 
peaks for hydrogen chemisorption as arising from chemically dif- 
ferent geometric sites and can be distinguished.liy their disposi- 
tion for single or multiple bonding to. hydro gen , e.g. hydrogen on 
top of Pt atoms , Jfeetween. various groups of Pt atoms, etc. The., 
second-model is that distinguishable electronic states on the Pt 
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surface l:or liydrogevi ohemisorxation arise for a community of adatoms 
due to collective, long-range electronic effects associated with 
the properties of the whole surface and adatom systemj i.e. the 
concept of induced heterogeneity. 

For a given crystal plane, hydrogen chemisorption and cation- 

anion effect can be explained by ona of the fol lowing factors or a 

combination of these factors. 

1, Different Sites 

Hydrogen chemisorption may occur at different geometric 
sites as proposed by Angerstein-Kozlowska et al . The existence 
of several hydrogen peaks in the voltammogram_of Pt is due to the 
adsorption of hydrogen at different sites for single.jand multiple 
bondings. Fig... V-1 illustrates the possible positions of these 
sites on a Ft [111] surface plane.- Site 4 is the.ppssible. position — 
for- strongly bound, hydrogen (peak XV in Pig. IVtI.) sitting in the 
plane-of first, array, -of Pt atoms (position 4) or rattling be- 
tween positions 4.; and. 4 ". Site 1 is possible for weakly bound 
hydrogen (peak I in Fig. lV-1) . Sindlarly, the rest of peaks can 
be .assigned to the adsorption at other sites on 111 or .other 
orientations. Studies of different rsrystal orientations combining 
electrochemical_and gas-phase surface studies (e.g. LEED) may„give 
some clues about these sites. Unfortunately progress in this field 
is slow, due to the involvement of highly complicated techniques. — 
The situation is further complicated by the evidence^^^'^^^' that 
clean Pt 100_surface undergoes crystal reorientation after ad- 
sorption of foreign ions* 
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Underpotential deposition of metals such as Ag, Cu» Hg on Pt 
(104, 114, 115) has been studied in relation to hydrogen chemi- 
sorption, A lowering of the hydrogen peaks are clearly shown in 

these studies, affording the evidence that different adsorption 

sites are involved for hydrogen chemisorption and are blocked by 
the deposition of metal_cations. 

The effect of anions on hydrogen adsorption-desorption can be 
explained by the cooperative interaction of hydrogen atoms and the 
anions. ..The chemisorption of hydrogen on .specific site S can be 
expressed as h'*’ + S + Y^^e” ^ (V-1) while anion adsorp- 
tion, on site S, X* + S J + Yjj e” (V-2). The displace- 

ment of anion..by hydrogen on site S in. cathodic Sweep can be ex 
pressed astjj”*’ + S --X + (Y„ + Y )e“ S - + x® 

(V-jJ) . The process is reversed in the anodic sweep. The in- 

teraction between hydrogen and. anions results in redistri bu ting the 
charge under the hydrogen peaks and changes _in the peak potentials. 
Figure V-2 shows the charge under the strongly bound hydrogen peak 
is changed by jUie addition of.-SO.^ to O.L N HF and HCIQ.^* The ^ 
charge is^ expressed as a ratio QH§/QH to->tl*ie total charge for hydro 
gen chemisorption. A linear dependence of the charge change on the 
logarithm of SO^ concentration indicates how SO^ adsorption 
influences the. .adsorption of the strongly bound hydrogen. An at- 
tempt to correlate- hydrogen and anion, adsorptions with Temkin ad-: — 
sorption isotherms was not successful due to a large number of 
unknown parameters (two parameters . for each species and each type 


of site) . 


X 

3 

ift 

X 

3 

0 .: 


0 . 


Log i (M) 

Figure V-2 

The plot of the charge under the strongly bound hydrogen peak as a 
logarithmic function of 804 ^“ concentration. The charge is ex- 
pressed as a ratio Q /{5 to the total charge for hydrogen chemi- 
sorption. _ ^ 

1. in 0.1 N HCIO 4 . 

2. 80^2- in 0.1 N HP, 
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2» Induced Heterogeneity 

Multiple states~of hydrogen chemisorption originate from 
collective long-range electronic effects arising from the electronic 
interactions between a community of adatoms.— A series of distinct 
energy states at the surface are thus g^erated for hydrQgen,.,adsorp- 
tion. — The concept for hydrogen chemisorption , in electrochemical 
situation was proposed by An^erstein-Kozlowska et al.^®^ The inter- 
action is propagated through the metal crystal by means -Of the de- 
localized systeitLof. .electrons. This situation therefore allows a 
given atom in a, surface on which hydrogen is chemisorbed to influence 
auiother far away. However, the specific sites that may be involved 
in the induced heterogeneity effects, have not been indicated by the 
previous authors. The strength of the electronic interactions 
giving rise to induced heterogeneity should be greatly dependent 
on site geometry. 

This electronic interaction is also dependent on emion adsorp- 
tion. The electronic surface states available for hydrogen chemi- 
sorption can be modified by anion adscjrption , causing a variation of 
hydrogen chemisorption at different energies. 

3. Anion or Cation Produced Change in The Potential Distribu- 
tion Across The Metal-Solution Interface 

The effects of anions and cations- on hydrogen chemisorption 
arise from the change, of potential distribution across the_ metal- 
solution interface. . This change results from the change of the 
dielectric properties of the interface, by anion adsorption or the 
presence of cations in tlie compact dotible layer. A change in 
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potential distribution will then causa a variation on hydrogen ad- 
sorption energy. 

In acids at the potential region where anions such as Cl" or 
2 *’ 

®®4_. strongly adsorbed tlie absorbed hydrogen which- is affected 
is usually the. ..strongly bound hydrogen. At more cathodic potential 
region where these anions are desorbed, the weakly bound hydrogen ad- 
sorption is principally unaffected. This situation is reversed ...when 
cations such as Cs+ are. present in HjSO^ because. the_surf ace excess 
of Cs"** has been shown^®^ to reach a maximim value -in the. potential . 
range of the adsorption-desorption of the weakly bound hydrogenj_ 

In alkaline solutions, OH"' is strongly adsorbed on.Pt, and 
only those anions such as 1 or~CN“ having stronger- adsorbability 
can displac..e_ OH , When these two anions are present in alkalxne 
solutions, they are strongly adsorbed. in the hydrogen region and in- 
fluence all hydrogen peaks . When and Ca^^ are present in .e.lka-_ 

line solutions, the positive charge of these cations conpensates the 
negative charge of OH in the compact double layer and lowers the 
adsorption energy of hydrogen, 

B* Mechanisms_for Anion And Cation Effects on Pt Oxide Film Formation 
In the onset of anodic Pt oxide film formation, tlie most prob- 
able reaction in acids is .. 

Pt + HjO PtOH h'*‘ <fe e“ (V-4) 
and in alkaline solutions 

Pt + OH* -^..PtOH + e- (V-5) 

Where the PtOH .indicates OH adsorbed on the Pt nietal* Most workers 


4, on Uiin point. Chemisorption of hydroxyl radi- 
c^^l!L. is oxpcjctod to be inflxienced by the presence of anions or 
cations in the solutions. 

On the of the observation of a shoulder with two peaks 

in the potential range 0.8-1. IV in 1 N H 2 SO 4 , Angerstein-Kozlowska 
et al . ' have proposed a detailed mechanism for the initial phase of 
Pt oxide film formation. This mechanism is described in Chapter II 
The same fine resolution in the Pt oxide film foinnation has been 
observed in this study in 0.1 N H 2 SO 4 . However, this resolution is 
only clearly shown in H 2 SO 4 solutions, but not in other acids. When 
SO 4 is added to other acids such as HF or HCIO 4 , this fine resolu 
tion is g,radually exhibited. As seen from the results shown in 
Table IV-2, anion adsorption greatly influences the initial stages 
of Pt anodic oxide film formation. 

The effect of cations in acids is shown to be small with the 
exception of The presence of Ba and Ca * in alkaline 

solutions has a significant effect on oxide film formation. 

Those factors assumed to be dominant in the chemisorption of 
hydroxygen can also be considered in the initial stages of the 
anodic Pt oxide film formation to afford an explanation for the 
effect of cations and cinions. 

5 

Lattice sites are considered by Angerstein-Kozlov;ska 
for the initial phase of Pt oxide formation. Anion adsorption may 
influence OH" chemisorption on these sites. According to the pre- 
sent work the retardation of Pt oxide formation by Cl* in acids 
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and I' in alkaline solutions reveals -that these sites are.-blocked 
by the strong adsorption of these anions on Pt. .IThe presence~of 
SO. 2 ^” and PO^^" in acids may block or_strongly influence these sites 
until their desorption allows oxide film formation to occur. It jsan 
be seen that the presence of these two anions in acids shifts the 
onsjBt, of oxide film formation toward more anodic potentials. 

The induced heterogeneity from collective long-range electronic 
effect is also am explemation for the effect of anions. The elec- 
tronic surface states available for OH" chemi&orption are modified 
by anion adsorption. The initial stages for oxide film formation 
are affected with a redistribution of peak potentials and the charge 
under each peak. Different structure is therefore observed in 
voltammograms when different anions are present in the solutions. 

The effect of cations and amions can also be attributed to a 
change of potential distribution across the metal-solution inter- 
face. However, this modification of potential distribution by most 
cations in acids is small with the exception of (C2H5)4N‘*', probably 
due to its bulk in size. The effect of and Ca^ in alkaline 

solutions is due to the_compensation of OH“ charge by these two 
cations in the compact double -layer with a result of retarding OH 
chemisorption . 

Anion adsorption will also have a change in potential distri- 
bution. However, this effect is not clearly shown in the voltammo' 
grams, but is combined with the previous two factors. 

Other things equal, it is likely that the delay in the forma- 
tion of the oxide film caused by strongly bound anions is caused 


princiE^lly by_a.. combination. of_blocking and change in potential 
distribution across tlie interface. 

C* Mechanism For Oxygen Generation And The Effects of Cations And 

Anions on Oxygen Generation 

Under anodic-potentials for 02 -generation, _the Pt electrode 
surface is already covered with a film of Pt anodic oxide. The_ 
prepolarization of -the electrode, at 2.05 V for 30 min results in 

O 

forming a film of 'VB A thick with a possible structure of bulk me- 
tal Pt-O-Pt-O-Pt^ solution. 

The mam observations made in this study for..02-generation are: 

(1) Tafel slope corresponds to a value of 1/2 for transfer 
coefficient and is independent of oxide thickness and 
cation or anion adsorption. 

(7) Catalytic activity for 02~generation appears to be in- 
versely proportional to the thickness of oxide film. 

(3) A minor dependence of catalytic activity is observed 
on coadsorption of anions or cations. 

None of conventional electrochemical techniques and classical 
treatment can clearly \anravel the mechanism for 02-generation. The 

information obtained above continues to be insufficient to deter- 

mine the mechanism. However, general observation of a 120 mV/decade 
Tafel slope with a transfer coefficient of 1/2 suggests that the 
first charge transfer step is rate controlling. The following 
mechanism is- one of the possibilities for O^-generation. The first 
step is an adsorption reaction to form (PtOH)^*^ 


on the electrode 


rMU t'nce ; 


:r.n . Pi-0-Pf~0-).M-* * U^O >■ Pt-O-Pt-0- (PtOH) _+ H+ 

(Y-6) 

, z-1 

In alkaline solutions Pt-O-Pt-O-PtZ + oH“ -»• Pt-O-Pt^O- (PtOH) 

(V-7) 

The PtOH species on the electrode surface is most likely to be non 
ionic. It is then highly possible that the charge transfer via 
electron tunnelling occurs between (PtOH)* ^ and bulk metals 
Pt-O-Pt-O-iPtOH)*"^ ->■ Pt-O-Pt-0- (PtOH)*+ e" (slow) (V-G) 

This step is then followed by several rapid steps, leading to the 
final formation of O 2 . 

Vetter and Schultze^^'^°^'^^^ have reported substantial details 
on charge transfer via electron tunnelling for various reactions in- 
cluding O 2 “generation on cui oxide covered, Pt surface. Tliey also 
have reached the conclusion that the charge transfer for 02 -genera- 
involves some type of OH adsorption. Their treatment Includes 

basic electron tunnelling within the traditional framework of the 
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weak interaction charge theory developed by Guney and Gerischer. 

55 

The following expression has been used by these authors to 
correlate the tunnelling probability Wt with the oxide thickness d: 
Wt exp t- /(2Me7^it) ] (V-9) 

Where Me is the electron mass, AEt is the mean height of the poten- 
tial barrier. The equation for 02 -generation current is tlien 
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derived ast 


log » A-- J 




(V-7L 


and 


Ea = (E-E_ + A) /4 X 


2.3RT 

where A, d* are constants, the .activation energy Ea* is related to 
the rearrangement energy.! by 

(V-8) 

Ea «* Ea* - orn (V-9) 

The weak interaction theory for charge transfer leads to the pre-- 

diction of_a “ 1/2, essentially in accord with experimental results. 
The theory further predicts... that log i. /v d/d* f this also in ac- 
cord With experimental observations. 

The mechanism proposed above differs from that of Vetter and 
Schultze with (PtOH) prominently oon-ionic. This, however, 
does not introduce any complication in the interpretation of our 
results with Vetter and Schultze 's model of electron tunnelling 
through the oxide film. 

The potential distribution across the metal-oxide-solution re- 
gion can be roughly drawn as shown in Figure V-3, 

Two assumptions have to make for the proposed mvechanism: 

(1) For a given electrolyte almost all of the change in 
potential occurs at the oxide film, i.e. 4>m-<(ia a^-.l'in-^is 
where ♦a is the surface potential of the oxide 
covered electrode. 

(2) The oxide film Pt-O-Pt-O-Pt^ does not act as an elec- 
tron bridge for charge tremsfer in virtual state. 

The bridge mechanism for charge transfer needs second 



order porturbation theory to calculate tho-transition 
probability and could not usually yield a * 1/2, 

The stirface potential ^a_is dependent on pH values over_some 
remge of pH, ..near the pK values of the. surface H 2 O , The sur- 
face charge will change drastically resulting in a large chang in 
4>a-^. For a given pH, however, inost of the chang.e in electrode 
potential will appear at <|ni-<^a. Vetter' and Schultze^®® attempt to 
consider the pH dependence of . 02 -generation on the Pt oxide film 

arrive at similar conclusion. . 

” ' ' ' ■ ' 

'^vThe model presented for (PtQH) on the electrode surface 
does provide some possibility to calculate the reorganization 
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. energy in a way analogous to that described by Tench and eager. 
The . interaction of Pt in the (PtOH) .complex with oxygen 
in inner coordination sphere can be considered as part of or ex- 
tension of the solid lattice. 

The observed .effects of cations and anions are small, indica- 
ting a minor influence on (PtOH)*^""^ species. 

The effect of cations and anions on 4a-<t>s is probably small. 
The electrode surface can also be partially blocked by adsorbed 
anions or cations although the fraction is small. The blocked 
sites can be represented as Pt-O-Pt-O-Pt-Cl, Pt-O-Pt-O-Pt-O-Ba or 

Pt-O-Pt-O-Pt-O-Si. . 

^0 

The adsorbed ions may also increase slightly the. reorganiza- 
tion energy for the charge transfer by modifying the polarizability 
of the outer coordination sphere and also introducing further 
asymmetry in tlic inner coordination sphere. 


D. Suggestions For Future Works 


The most pressing need for future works is to ...obtain more- 
quantitative..,,results sufficient to develop a model for the effect 
of cations and -anions on hydrogen chemisorption, anodic_oxid^film 

formation and 02-generation on Pt. A computer-assisted deconvolu- 

tion technique„is a good -approach _tp_deconvolute the peaks in hydro- 
gen chemisorption and anodic oxide film formation regions- Such a 
technique will Jae able to . show how cations and anions influence each- 
stage of hydrogen chemisorption and anodic oxide film formation. ... 

A combination of non-electrochemical techniques (LEED, AES) 
with conventional electrochemical techniques would be informative 
to reveal t he ad sorption site of hydrogen, and oxygen on Pt, and the 
nature of the Pt anodic oxide film. Other electrochemical tech- 
niques such as potential step function could be used to study the 
kinetics of these processes. 

High temperature and high pressure tediniques are attractive 
to provide the information concerning the back reaction of 02- 
generation. Using a solution presaturated with Pt species to 
minimize the dissolution of Pt and combining with high tempera- 
ture and high pressure techniques, the rate for back reaction may 


be detected. 
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